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Abstract
Heterosigma akashiwo (Y.Hada) Y.Hada ex Y.Hara & M.Chihara is a golden-brown
phytoflagellate with high potential to kill fish. These cells create large, nearly monospecific blooms that persist from weeks to months. Although bloom persistence and
frequency remain a mystery, environmental factors such as light, temperature, salinity
and CO2 level are proposed as drivers for both bloom initiation and toxicity. As timing
and locations of nature blooms are difficult to predict, most of the information on this
species comes from laboratory experiments on isolated cells. In this age, when multiple
stressors occur simultaneously the traditional “One-factor-at-a-time” (OFAT) approach
limits our understanding of how the cells respond to environmental change. Here, I
consider the simultaneous effect of multiple parameters and their interaction by
employing a design-of-experiment (DOE) approach. The results suggested that the DOE
approach is an appropriate method to determine the impact of multi-environmental
factors on both bloom formation and toxicity of H. akashiwo.
Similarly, the measurement of “fish killing” activities requires the use of an experimental
proxy when cells are grown in the laboratory. There is a critical need to understand
toxicity in “fish-kill” species. Two commonly employed assays, the rainbow trout cell
line RTgill-W1 cytotoxicity assay (RCA) and the erythrocyte lysis assay (ELA) were
evaluated against combinatorial environmental conditions (temperature, pCO2, salinity).
Increased temperature and pCO2 reduced the expression of toxicicty based on these two
assays.
With regards to the future conditions of warmer temperatures, and elevated levels of CO2,
which impact the salinity, water temperature, and the absorbance of CO2, in many coastal
regions worldwide, it is expected these abiotic changes will likely increase the potential
growth rate and biomass yield but reduce the toxicity of fish-killing flagellate H.
akashiwo in North America.

ii

Keywords: Heterosigma akashiwo, design of experiment (DOE), one-factor-at-a-time
(OFAT), multiple stressor, toxicity, yeast assay, erythrocyte lysis assay (ELA), rainbow
trout cell line RTgill-W1 cytotoxicity assay (RCA), lipid

iii

Co-Authorship Statement
A version of Chapter 2 was submitted as:
Mehdizadeh Allaf, M.; Trick, C.G.; (Submitted). Multiple-stressor design-of-experiment
(DOE) and one-factor-at-a-time (OFAT) observations defining Heterosigma akashiwo
growth and toxicity. Journal of Applied Phycology.
Contribution of co-authors:
•

Mehdizadeh Allaf, M., Conducted experiments; data analysis; preparation of
manuscript.

•

Trick, C.G., Critical comments on manuscript; principle investigator.

iv

Acknowledgments
As a finishing touch on my dissertation, I am writing this note of thanks. The past four
years has been a period of intense learning for me in the science field, and on a personal
level. I would like to reflect on the people who have supported and helped me so much
throughout this period.
I would first like to express my sincere gratitude to my supervisor, Dr. Charles G. Trick,
whose support, patience, motivation, and immense knowledge added considerably to my
graduate experience. His guidance and valuable and constructive suggestions helped me
throughout my research and writing of this thesis.
I would like to thank the other members of my committee, Dr. Graeme Taylor and Dr.
Gregory Kelly for the assistance and insightful comments they provided at all levels of
the research project. I am extremely grateful to Dr. Irena Creed for giving me the
opportunity to attend different workshops and conferences.
To all the amazing friends and lab mates in the Trick and Creed labs; I consider myself
very lucky to have always been surrounded by an amazing support group. Thank you so
much for your kindness and warm humor. Kevin Erratt, thank you for your help with my
algae and for the useful discussions we had about different topics. Christine DulalWhiteway, Bryant Oaks, and Veerta Singh thanks for your support and listening to me
when I needed. Special thanks to all the people in the NCB 4th and 3rd floor. You all
played a substantial role in my research career and life in the past four years. My sincere
appreciation to Dr. Tahereh Sarchami to provide help with software and modeling.
Special thanks to my husband, Vahid, and my son, Parham, for all the support they have
provided me through my life, I am so grateful for your wise counsel and sympathetic ear,
without your love, and encouragement I would not have finished this thesis. Vahid, I am
so incredibly grateful for listening to me all the time, discussing and giving me valuable
comments, helping me to build my setup, and assisting in editing my texts.

v

I also gratefully acknowledge the financial assistance provided by NSERC Create Abate
fund, Western University Graduate Studies, and the Department of Biology (Teaching
Assistantship, Graduate Research Scholarship).

vi

Table of Contents
Abstract ............................................................................................................................... ii
Co-Authorship Statement .................................................................................................. iv
Acknowledgments............................................................................................................... v
Table of Contents .............................................................................................................. vii
List of Tables ................................................................................................................... xiv
List of Figures .................................................................................................................. xvi
Abbreviation ..................................................................................................................... xx
Chapter 1 ............................................................................................................................. 1
1 Introduction .................................................................................................................... 1
1.1 Problem statement ................................................................................................... 1
1.2 Harmful algal blooms (HABs)................................................................................ 3
1.3 Heterosigma akashiwo blooms............................................................................... 4
1.4 Heterosigma akashiwo taxonomy and morphology................................................ 6
1.5 Effect of physical and environmental factors on the growth and toxicity of
Heterosigma akashiwo............................................................................................ 8
1.5.1 Temperature, light, and salinity.................................................................... 8
1.5.2 Nutrients...................................................................................................... 10
1.5.3 Climate change and global warming........................................................... 11
1.6 Heterosigma akashiwo cyst formation.................................................................. 13
1.7 Fish killing mechanisms by Heterosigma akashiwo............................................. 14
1.7.1 Mucous secretion........................................................................................ 15
1.7.2 Reactive oxygen species (ROS) production................................................ 17
1.7.3 Toxin production......................................................................................... 19
1.7.4 Hemolytic components production............................................................. 21
vii

1.8 Described methods for toxicity measurement....................................................... 22
1.9 Toxin extraction and separation............................................................................ 24
1.10 The effect of multiple stressors........................................................................... 24
1.10.1 One-factor-at-a-time (OFAT) approach.................................................... 25
1.10.2 Design of experiment (DOE) approach..................................................... 26
1.11 Thesis questions, hypotheses and objectives...................................................... 28
1.12 References........................................................................................................... 30
Chapter 2 ........................................................................................................................... 43
2 Multiple-stressor design-of-experiment (DOE) and one-factor-at-a-time (OFAT)
observations defining Heterosigma akashiwo growth and toxicity ............................. 43
2.1 Introduction ........................................................................................................... 43
2.2 Materials and methods.......................................................................................... 46
2.2.1 Culturing procedures................................................................................... 46
2.2.2 Experimental procedures............................................................................ 46
2.2.3 Cell growth measurements.......................................................................... 47
2.2.4 Cell permeability......................................................................................... 48
2.2.5 Experimental design.................................................................................... 48
2.2.6 Statistical analysis....................................................................................... 49
2.3 Results and discussion.......................................................................................... 50
2.3.1 Growth rate................................................................................................. 50
2.3.1.1 Determining the optimum conditions for the maximum growth rate of
H. akashiwo....................................................................................................................... 52
2.3.1.2 Response surface model (RSM) validation....................................... 54
2.3.1.3 Combined effect of salinity, temperature, and light on the growth
rate..................................................................................................................................... 56
2.3.1.4 Response optimization and model validation................................... 57

viii

2.3.2 Yield............................................................................................................ 58
2.3.2.1 Determining conditions for maximum yield..................................... 58
2.3.2.2 Response surface model and validation for yield............................. 61
2.3.2.3 Combined effect of salinity, temperature, and light on yield........... 63
2.3.3 Cell permeability......................................................................................... 64
2.3.3.1 Determining the optimum conditions for maximum cellular
permeability...................................................................................................................... 66
2.3.3.2 Response surface model and validation for cellular permeability of H.
akashiwo........................................................................................................................... 67
2.3.3.3 Combined effect of salinity, temperature, and light on cellular
permeability...................................................................................................................... 69
2.3.4 Combined effect of responses on H. akashiwo........................................... 70
2.4 Conclusions............................................................................................................ 72
2.5 References.............................................................................................................. 74
Chapter 3 ........................................................................................................................... 79
3 Regulation and cellular localization of toxicity in the marine fish-killing flagellate,
Heterosigma akashiwo ................................................................................................. 79
3.1 Introduction ........................................................................................................... 79
3.2 Materials and methods.......................................................................................... 82
3.2.1 Cultures....................................................................................................... 82
3.2.2 Algal samples preparation for toxicity assay.............................................. 82
3.2.3 Toxicity measurements............................................................................... 84
3.2.4 Sample preparation to measure total proteins and lipids............................ 84
3.2.5 Determination of total proteins....................................................................85
3.2.6 Determination of neutral lipids................................................................... 85
3.2.7 Experimental design.................................................................................... 86
3.2.8 Statistical analysis....................................................................................... 86
ix

3.3 Results.................................................................................................................... 87
3.3.1 Toxicity measurement in H. akashiwo......................................................... 87
3.3.1.1 Determining the optimum condition for the toxicity of H.
akashiwo............................................................................................................... 89
3.3.1.2 Response surface model (RSM) validation....................................... 89
3.3.1.3 Combined effect of salinity, light and temperature on H. akashiwo
toxicity.................................................................................................................. 92
3.3.1.4 Response optimization and model validation................................... 92
3.3.2 Lipid and protein measurement in H. akashiwo......................................... 94
3.3.2.1 Determining the optimum conditions for the maximum lipid and
protein production of H. akashiwo........................................................................ 96
3.3.2.2 Response surface model (RSM) validation....................................... 96
3.3.3 Relation between growth, yield, and cell permeability with toxicity, lipid,
and protein production........................................................................................ 100
3.4 Discussion........................................................................................................... 105
3.4.1 Toxicity measurement in H. akashiwo..................................................... 105
3.4.2 Lipid and protein measurement in H. akashiwo....................................... 108
3.5 Conclusions......................................................................................................... 110
3.6 References............................................................................................................ 112
Chapter 4 ......................................................................................................................... 118
4 Regulation of toxicity of the fish-killing flagellate, Heterosigma akashiwo, under
proposed climate conditions....................................................................................... 118
4.1 Introduction ......................................................................................................... 118
4.2 Materials and methods........................................................................................ 121
4.2.1 Culture of microalgae................................................................................ 121
4.2.2 Experimental process................................................................................ 121
4.2.3. Growth analysis........................................................................................ 122
4.2.4 Cell permeability analysis......................................................................... 123
x

4.2.5 Design of experiments............................................................................... 124
4.3 Results................................................................................................................. 125
4.3.1 Heterosigma akashiwo growth rates......................................................... 125
4.3.1.1 Response surface modeling validation for growth rate................... 127
4.3.1.2 Main and interaction influence of factors for growth rate.............. 131
4.3.2 Heterosigma akashiwo cell yield.............................................................. 133
4.3.2.1 Response surface modeling validation for yield............................. 135
4.3.2.2 Main and interaction influence of factors for yield......................... 138
4.3.3 Heterosigma akashiwo cell permeability.................................................. 138
4.3.3.1 Response surface modeling validation for cellular permeability.... 141
4.3.3.2 Main and interaction influence of factors for cell permeability..... 141
4.3.4 Relationship between different responses................................................. 144
4.4 Discussion........................................................................................................... 146
4.4.1 Heterosigma akashiwo growth rate.......................................................... 146
4.4.2 Heterosigma akashiwo cell yield.............................................................. 148
4.4.3 Heterosigma akashiwo cell permeability.................................................. 149
4.5 Conclusions......................................................................................................... 150
4.6 References........................................................................................................... 152
Chapter 5 ......................................................................................................................... 157
5 Influence of multi-stressor combinations of pCO2, temperature and salinity on the
toxicity of Heterosigma akashiwo, a fish-killing flagellate ....................................... 157
5.1 Introduction ......................................................................................................... 157
5.2 Materials and methods........................................................................................ 161
5.2.1 Culturing Heterosigma akashiwo.............................................................. 161
5.2.2 Experimental sample preparation for different analyses........................... 162
5.2.3 Sample preparation for lipid analysis........................................................ 162
xi

5.2.4 Neutral lipids assessment.......................................................................... 163
5.2.5 Sample preparation for hemolysis analysis............................................... 163
5.2.6 Preparation of erythrocytes....................................................................... 163
5.2.7 Erythrocyte lysis assay (ELA).................................................................. 164
5.2.8 Photometric scanning experiment............................................................. 164
5.2.9 Sample preparation for gill cell assay....................................................... 165
5.2.10 Gill cells maintenance and culturing....................................................... 165
5.2.11 Gill cells viability assessment................................................................. 166
5.2.12 Experimental design................................................................................ 167
5.3 Results................................................................................................................. 168
5.3.1 Lipid production in Heterosigma akashiwo.............................................. 168
5.3.2 Hemolytic activity of Heterosigma akashiwo........................................... 170
5.3.3 Toxicity effect of Heterosigma akashiwo using gill cells......................... 173
5.3.4 Determining the optimum conditions for lipid production, hemolytic
activity and toxicity of Heterosigma akashiwo................................................... 173
5.3.4.1 Response surface model validation................................................. 176
5.3.4.2 Combined effect of temperature, salinity, and CO2 levels.............. 179
5.3.4.3 Response optimization and model validation................................. 181
5.3.5 Relation between various responses.......................................................... 182
5.4 Discussion........................................................................................................... 185
5.4.1 Lipid production in Heterosigma akashiwo.............................................. 186
5.4.1 Hemolytic activity of Heterosigma akashiwo............................................ 188
5.3.3 Toxicity effect of Heterosigma akashiwo using gill cells.......................... 190
5.5 Conclusions......................................................................................................... 191
5.6 References........................................................................................................... 193
Chapter 6 ......................................................................................................................... 200
xii

6 Conclusion and future work ....................................................................................... 200
6.1 Conclusions......................................................................................................... 200
6.2 Future work......................................................................................................... 205
6.3 References........................................................................................................... 207
Appendices ...................................................................................................................... 210
Appendix A ..................................................................................................................... 210
A Yeast cell as a bio-model for measuring the toxicity of fish killing flagellates ......... 210
A.1 Introduction ......................................................................................................... 210
A.2 Materials and methods....................................................................................... 212
A.2.1 Cultures................................................................................................... 212
A.2.2 Algal sample preparation....................................................................... 213
A.2.3 Toxicity measurement............................................................................ 215
A.2.4 Statistical analysis.................................................................................. 215
A.3 Results................................................................................................................ 216
A.4 Discussion.......................................................................................................... 218
A.5 Conclusions........................................................................................................ 219
A.6 Reference............................................................................................................ 223
Appendix B ..................................................................................................................... 228
Curriculum Vitae ............................................................................................................ 229

xiii

List of Tables
Table 1.1: The economic impact of fish killing flagellates in different regimes of the
world................................................................................................................................... 5
Table 2.1: The specific growth rate and doublings per day of H. akashiwo grown under
conditions determined for central composite design (n=3).............................................. 53
Table 2.2: Analysis of variance of fitted model for H. akashiwo growth rate (Ke) and
doublings per day (k)........................................................................................................ 55
Table 2.3: Predicted and measured specific growth rate (Ke) and doublings per day (k)
around estimated optimal points....................................................................................... 57
Table 2.4: The yield of H. akashiwo cells under conditions determined for central
composite design (n=3)..................................................................................................... 60
Table 2.5: Analysis of variance of fitted model for H. akashiwo cell yield.................... 62
Table 2.6: Cell permeability of H. akashiwo under conditions determined for central
composite design (n=3)..................................................................................................... 66
Table 2.7: Analysis of variance of fitted model for H. akashiwo cellular permeability.. 68
Table 3.1: The toxicity of H. akashiwo grown under conditions for central composite
design (n=3 ± SD)............................................................................................................. 90
Table 3.2: Analysis of variance of fitted model for different level of toxicity in H.
akashiwo........................................................................................................................... 91
Table 3.3: Optimal conditions and model validation for toxicity effect of H. akashiwo on
the yeast cell viability...................................................................................................... 94
Table 3.4: Lipid and protein production in H. akashiwo grown under conditions for
central composite design (n=3)......................................................................................... 97
Table 3.5: Analysis of variance of fitted model for lipid and protein production in H.
akashiwo........................................................................................................................... 98
Table 4.1: Experimental ranges and levels of the factors used in the factorial design.. 125
Table 4.2: Experimental design table for the factors and responses (n=3 ± standard
deviation)........................................................................................................................ 128
Table 4.3: ANOVA results for specific growth rate (Ke) and doublings per day (k) of H.
akashiwo......................................................................................................................... 130

xiv

Table 4.4: Optimum factor set for maximum growth rate and doublings per day of H.
akashiwo based on the design of experiments–response surface methodology (DOE–
RSM) approach............................................................................................................... 133
Table 4.5: Experimental design table for the factors and yield production (n=3 ± standard
deviation)........................................................................................................................ 136
Table 4.6: ANOVA of yield production of H. akashiwo............................................... 137
Table 4.7: Experimental design table for the factors and H. akashiwo cell permeability
(n=3 ± standard deviation).............................................................................................. 142
Table 4.8: ANOVA of cell permeability of H. akashiwo.............................................. 143
Table 5.1: Experimental ranges and levels of the factors used in the factorial design.. 168
Table 5.2: Experimental design table with coded and uncoded factors and responses (n=3
± SD)............................................................................................................................... 175
Table 5.3: Analysis of variance of fitted models for lipid production, lysed cell in
hemolytic activity (ELA), toxicity using gill cell line (GC) for H. akashiwo (n =3 ±
SD).................................................................................................................................. 177
Table 5.4: Optimum factor set for maximum lipid production, lysed cells and toxicity of
H. akashiwo based on the design of experiments–response surface methodology (DOE–
RSM) approach............................................................................................................... 182
Table A.1: Two-way analysis of variance (ANOVA) for H. akashiwo and P. parvum
toxicity measurement...................................................................................................... 217
Table A.2: Two-way analysis of variance (ANOVA) of the four highest effective
treatments of H. akashiwo and P. parvum...................................................................... 217

xv

List of Figures
Figure 1.1: Worldwide distribution of H. akashiwo. The “fish” icons reveal the sites
where harmful algal blooms with fish mortality were reported.......................................... 2
Figure 1.2: Raphidophyceae classification and taxonomy (update from Throndsen,
1997)................................................................................................................................... 6
Figure 1.3: Light microscopy (A), fluorescence microscopy (B), schematic image (C),
transmission electron micrograph (TEM) (D), and scanning electron micrograph (SEM)
(E) of H. akashiwo.............................................................................................................. 8
Figure 1.4: Framework for physiological activities associated with a fish kill by H.
akashiwo. After attachment to the gill of the fish, algal cells embed into gill tissues using
exoenzymes. The presence of the algal cells stimulate mucus secretion, followed by the
algal cells producing neurotoxins, and reactive oxygen species that cause asphyxiation in
the fish. In addition, hemolysins compounds can lyse the erythrocytes to scavenge
nitrogen and iron (Modified from Evans et al., 2005)...................................................... 15
Figure 1.5: Brevetoxin structures (Baden et al., 2005).................................................... 20
Figure 1.6: A comparison design of experiment (DOE) (A) and one-factor-at-a-time
(OFAT) (B) in the presence of three factors (23). With three factors, DOE only requires 8
runs while 16 runs are required for an OFAT experiment with equivalent power........... 27
Figure 2.1: Profiles of specific growth rate (Ke) and doublings per day (k) for H.
akashiwo at (A) 15 °C, (B) 20 °C and (C) 25 °C at different salinities and light intensities.
The bar chart represents the specific growth rate (d-1) and the scatter plot illustrates the
doublings per day (d-1). The discrete data points are average of triplicate measurements ±
standard deviation (n=3)................................................................................................... 51
Figure 2.2: Surface plot of combined effect of salinity and temperature on H. akashiwo.
(A) specific growth rate (Ke) (B) doublings per day (k)................................................... 56
Figure 2.3: The yield of H. akashiwo grown at (A) 15 °C, (B) 20 °C and (C) 25 °C with
different salinities and light intensity. The discrete data points are average of triplicate
measurements ± standard deviation (n=3)........................................................................ 59
Figure 2.4: Surface plot of combined effect of process variables on H. akashiwo yield.
(A) salinity and temperature, (B) salinity and light.......................................................... 63
Figure 2.5: The cellular permeability of H. akashiwo grown at (A) 15 °C, (B) 20 °C and
(C) 25 °C with different salinities and light intensity. The discrete data points are average
of triplicate measurements ± standard deviation (n=3)..................................................... 65

xvi

Figure 2.6: Surface plot of combined effect of process variables on the cell permeability
of H. akashiwo. (A) salinity and temperature, (B) temperature and light intensity, and (C)
salinity and light intensity................................................................................................. 69
Figure 2.7: The effect of cellular permeability and cell yield of H. akashiwo as a
function specific growth rate............................................................................................ 71
Figure 2.8: The effect of cellular permeability of H. akashiwo as a function of cell
yield................................................................................................................................... 71
Figure 3.1: Summary of algal samples preparation......................................................... 83
Figure 3.2: Profiles of toxicity level for H. akashiwo at (A) 25 °C, (B) 20 °C, and (C) 15
°C at different salinities and light intensities. The discrete data points are average of
triplicate measurements ± standard deviation (n=3). (N.G, conditions with no growth of
cells). Same uppercase letters indicate no significant effect for similar sample treatment
under different salinity-light regimes. Same lowercase letters indicate no significant
effect among different treatments in the same salinity-light regime. Significance tested at
p < 0.05 level.................................................................................................................... 88
Figure 3.3: Surface plots of combined effect of salinity, light and temperature on toxicity
of H. akashiwo. (A) mortality for sample A, (B) mortality for sample B, (C) mortality for
sample C, (D and E) mortality for sample D.................................................................... 93
Figure 3.4: Total amount of protein and lipid produced in H. akashiwo under different
salinities, light intensities and temperatures. The discrete data points are average of
triplicate measurements ± standard deviation (n=3)....………………………………..... 95
Figure 3.5: Surface plot of combined effect of salinity and temperature on lipid (A) and
protein (B) production of H. akashiwo............................................................................. 99
Figure 3.6: Correlation data between the mortality of yeast cells (%) with H. akashiwo
toxin and specific growth rate (Ke) (A), yield (B) and cell permeability (C) (n=3)....... 102
Figure 3.7: Correlation data between toxicity level and lipid (A) and protein (B) content
of H. akashiwo................................................................................................................ 103
Figure 3.8: Relationship between H. akashiwo growth rate (A), yield (B), and cellular
permeability (C) and total lipid and protein content....................................................... 104
Figure 4.1: Experimental set up (A), experimental tube (B)………………………..... 122
Figure 4.2: Profiles of specific growth rate (Ke) and doublings per day (k) for H.
akashiwo at 25 °C, 20 °C and 15 °C at different salinities and CO2 levels. The bar chart
represents the specific growth rate (Ke) (d-1) and scatter graph (■) illustrates the
doublings per day (k) (d-1). The discrete data points are average of triplicate
measurements ± standard deviation (n=3)...................................................................... 126

xvii

Figure 4.3: Comparison of actual and predicted values of specific growth rate (Ke).... 131
Figure 4.4: Surface plot of combined effect of temperature and CO2 level on H.
akashiwo (A) specific growth rate (Ke) and (B) doublings per day (k).......................... 132
Figure 4.5: The yield of H. akashiwo grown at 25 °C, 20 °C and 15 °C with different
salinities and CO2 levels. The discrete data points are average of triplicate measurements
± standard deviation (n=3)….…………………………………………………………. 134
Figure 4.6: Surface plot of combined effect of temperature and salinity (A) and
temperature and CO2 level (B) on the cell yield of H. akashiwo.................................... 138
Figure 4.7: The cell permeability of H. akashiwo grown at 25 °C, 20 °C, and 15 °C with
different salinities and CO2 levels. The discrete data points are average of triplicate
measurements ± standard deviation (n=3)...................................................................... 140
Figure 4.8: Surface plot of combined effect of temperature and salinity (A), temperature
and CO2 level (B), and salinity and CO2 level (C) on the cellular permeability of H.
akashiwo......................................................................................................................... 144
Figure 4.9: The effect of cell permeability and cell yield as a function of specific growth
rates (A), and relation between cell permeability and cell yield production (B) in H.
akashiwo......................................................................................................................... 145
Figure 5.1: Experimental tube (A), and experimental setup (B).................................... 162
Figure 5.2: RTgill-W1 cell line in Leibovitz’s L-15/complete medium after detachment
and subculturing (A), confluent layer after a few days (b). Scale bar = 100 µm…….... 166
Figure 5.3: Lipid production in H. akashiwo grown under various salinities, and CO2
levels at 25, 20 and 15 °C (n = 3 ± SD).......................................................................... 169
Figure 5.4: (A) Photometric scans of completely lysed rabbit erythrocytes, algal extract
and ELA buffer from 300 nm to 800 nm. Arrows point out the maxima of absorption of
lysed erythrocytes and chlorophyll a for H. akashiwo sample. (B) absorbance of lysed
rabbit erythrocytes at 414 and 540 nm at different concentrations. The formulae on the
graphs indicate respective equations and coefficients of correlation (R2) for the resulting
curves (n = 3 ± SD)......................................................................................................... 170
Figure 5.5: Lysed rabbit erythrocytes after exposure to H. akashiwo cells, grown under
various salinities, CO2 concentrations and temperatures (n = 3 ± SD)........................... 172
Figure 5.6: Gill cell mortality after exposure to H. akashiwo cells, grown under various
salinities, CO2 concentrations and temperatures (n = 3 ± SD)....................................... 174
Figure 5.7: Surface plots of combined effect of process variables on lipid production of
H. akashiwo. (A) effect of salinity and temperature on lipid production and (B) effect of
salinity and CO2 level on lipid production...................................................................... 179
xviii

Figure 5.8: Surface plots of combined effect of temperature and CO2 concentration in
ELA assay and percentage of lysed cells after exposing to extracts from H.
akashiwo......................................................................................................................... 180
Figure 5.9: Surface plots of combined effect of process variables on toxicity of H.
akashiwo. (A) effect of temperature and salinity and (B) effect of CO2 level and
temperature on toxicity................................................................................................... 180
Figure 5.10: Relation between lipid and lysed cells (A) and lipid and toxicity (B) in H.
akashiwo grown under the defined conditions................................................................ 184
Figure 5.11: Correlation between lysed cells and toxicity in H. akashiwo................... 185
Figure A.1: Summary of algal samples preparation...................................................... 214
Figure A.2: Yeast mortality (%) after exposure to different sample treatments of H.
akashiwo and P. parvum (n=3 ± SD).............................................................................. 221
Figure A.3: Comparison between highest yeast mortality (%) in the presence of H.
akashiwo and P. parvum after 3 hours incubation.......................................................... 222
Figure B.1: Specific growth rate of H. akashiwo under various temperature (15 °C, 25
°C, and 30 °C) and salinities (5, 10, 15, and 30)........................................................... 228

xix

Abbreviations
adjusted R2

Adjusted determination coefficient

ANOVA

Analysis of the variance

ASW

Artificial sea water

ESAW

Artificial sea water medium

BSA

Bovine Serum Albumin

CO2

Carbon dioxide

cells ml-1

Cells per milliliter

CCD

Central composite design

CCF

Central composite face centered design

Chl a

Chlorophyll a

R2

Coefficient of determination

°C

Degree Celsius

DOE

Design of Experiment

DMSO

Dimethyl sulfoxide

k

Doublings per day

ELA

Erythrocyte lysed assay

Ex\Em

Excitation\Emission

FBS

Fetal bovine serum

FCM

Flow cytometry

FFD

Full factorial design

GTC

Gigatons of carbon

GC

Gill cell assay

HABs

Harmful algal blooms

xx

H2O2

Hydrogen peroxide

•

OH

Hydroxy radicals

L-15/ex

Leibovitz’s L-15 medium

µg ml-1

Microgram per milliliter

µM

Micromolar

µmol photons m-2 s-1 Micromole photons per second and square meter
ml

Milliliter

min

Minute

nm

Nanometer

OFAT

One-Factor-at-a-Time

RCA

RTgill-W1 cytotoxicity assay

xxi

1

Chapter 1

1

Introduction

1.1 Problem Statement
Among different species living in aquatic ecosystems, single-cell algae, known as
phytoplankton, are the most abundant and dominant species (Anderson et al., 2001). The
exact number of species and genera of the marine phytoplankton is not known but is
estimated to be a 3500 (Sournia et al., 1991). These cells account for producing half of
the net primary production on earth (Field et al., 1998). Different physical, chemical, and
biological factors affect the growth of phytoplankton under natural conditions (Takahashi
and Fukazawa, 1982). Temporal and spatial accumulation of phytoplankton in aquatic
habitats is designated as an algal bloom (Pettersson and Pozdnyakov, 2013), which is
usually a valuable source of food for aquaculture and wild fisheries operations
(Hallegraeff, 1993). However, under specific circumstances, algal blooms can have a
negative impact on the environment and living organisms (Hallegraeff, 1993). The hazard
of this biological phenomenon, known as harmful algal blooms (HABs), on the
environment and human health (Hoagland and Scatasta., 2006; Moore et al., 2008;
Seymour et al., 2009; Hoagland, 2014; Trainer et al., 2016), fisheries and aquaculture
(Hoagland and Scatasta, 2006; Rensel, 2007), and the recreation and tourism industry
(Hoagland and Scatasta, 2006; Anderson et al., 2012; Hoagland, 2014) increases and
becomes a major concern when algae produce toxic compounds. Among different
species, almost 300 are recognized to form blooms and discolor the surface of the water
in aquatic ecosystems, of which approximately 80 or so species can produce toxin
(Hallegraeff, 1993; Hallegraeff, 2003). These toxin species include members of the
cyanobacteria, dinoflagellates, raphidophytes, haptophytes, and diatoms which express
their toxicity to fish, shellfish, marine mammals, birds, or humans (Tester et al., 2000;
Wells et al., 2015).
Although considerable effort has been put into this area during the last 50 years, many
aspects of HABs such as toxin production and mechanisms, which affect the living
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organisms, are not still identified (Bourdelais et al., 2002; Kim et al., 2004; Hennige et
al., 2013; Pettersson and Pozdnyakov, 2013).
Many physical, chemical, and biological environmental factors such as light, temperature
(Kim et al., 1998; Martinez et al., 2010), water column stratification, salinity
(Hallegraeff, 2010; Martinez et al., 2010), nutrient supply, eutrophication (Heisler et al.,
2008; Hallegraeff, 2010), and grazing (Hallegraeff, 2010) affect bloom formations and
toxicity in phytoplankton populations. In addition, climate change and global warming
may have unexpected consequences on the frequency and severity of harmful algal
blooms worldwide (Winder and Schindler, 2004; Wells et al., 2015). In a natural habitat,
simultaneous variation of multiple aforementioned factors and their interactions on HAB
organisms can be expected to yield unpredictable outcomes and mechanisms driving
harmful algal blooms (Wells et al., 2015). Unfortunately, our understanding about
multiple stressor effects on harmful algal blooms is insufficient and requires further
consideration. It is crucial to understand the linkages between multiple environmental
factors and how harmful algal blooms may be affected.

Figure 1.1: Worldwide distribution of H. akashiwo. The “fish” icons reveal the sites
where harmful algal blooms with fish mortality were reported.
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1.2 Harmful algal blooms (HABs)
Harmful algal blooms (HABS) are a temporal and spatial accumulation of planktonic
microalgae with a severe negative impact on the aquatic ecosystems, public health, and
economies (Tang and Gobler, 2010; Kristyanto and Kim, 2016).
Planktonic microalgae in marine ecosystem are a major source of food for various types
of organisms including filter-feeding bivalve shellfish such as oysters, mussels, scallops,
clams, as well as the larvae of commercially important crustaceans and finfish. Therefore,
the proliferation of planktonic microalgae is mostly beneficial for aquaculture and wild
fisheries operations (Hallegraeff, 1993). Although, in some situations algal blooms can
show deleterious effects on aquatic ecosystems, such as mortality, physiological
impairment, or other negative in situ effects (Hallegraeff, 1993; Smayda, 1997a). The
bloom of phytoplankton species from diatoms, dinoflagellates, silicoflagellates,
prymnesiophytes and raphidophytes discolor the water red or brownish-red and for this
reason is known as red tide. Among phytoplankton species, about 300 have been reported
to cause red tides (Sournia, 1995). Excluding diatoms, 60-80 species or 2 % out of 300
have been reported to be harmful (Smayda, 1997b).
Algae can grow into very dense accumulations of cells which serve as heterotrophic
carbon sources when algal cells die. The resulting hypoxia may directly or indirectly
result in fish and invertebrates death (Hallegraeff, 1993; Berdalet et al., 2015). In
addition, noxious odours often forms due to biomass degradation and create an
unpleasant appearance of surface scums. This damage can exert a negative impact on
tourism and recreation industry (McIntyre et al., 2013).
Some HAB species produce potent toxins, capable of causing human illness. Ingestion of
toxin contaminated seafood products, skin contact with toxin-contaminated water, or the
inhalation of aerosolized toxins or noxious compounds can cause human illness (Berdalet
et al., 2015). Paralytic shellfish toxins (PST) (Trainer et al., 2003), diarrhetic shellfish
poisoning (DSP) (McIntyre et al., 2013), amnesic shellfish poisoning (ASP) (Twiner et
al., 2008), neurotoxic shellfish poisoning (NSP) (Watkins et al., 2008), and ciguatera
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fishfood poisoning (Achaibar et al., 2007) are human illnesses related to the consumption
of contaminated sea food products.
Among different species with the ability to form harmful algal blooms, there are some
species with high potential to damage fish and invertebrates either mechanically or
through the production of harmful substances (Hallegraeff, 1993). Known as fish-killing
microalgae, Cochlodinium, Karenia, Chattonella, Heterosigma, Pseudochattonella, and
Prymnesium are extremely potent fish-killers from diverse flagellate groups (Hallegraeff
et al., 2016). The finfish in aquafarming are highly sensitive to harmful algal blooms
since the fish migratory path cannot be changed to avoid HABs and therefore, severe
economic losses have been reported from these aquafarming systems globally
(Hallegraeff et al., 2016).
To reduce the risk of phytotoxic flagellate species to the aquaculture facilities, several
different economic and environmental strategies have been proposed and used by
farmers. Aeration and airlift pumping to dilute the harmful algal concentrations, use of
perimeter skirts to sperate surface HABs, towing net-pens to HABs free areas,
submersion of net-pens to avoid HABs, stopping fish feeding to reduce fish digestive
demand for oxygen, and water treatment by using clay to flocculate cells from the water
column, are some of these techniques. Despite being effective as short-term solutions,
none of these techniques, are guaranteed to protect the aquaculture entirely from HABs
(Rensel and Whyte, 2003).

1.3 Heterosigma akashiwo blooms
Red tide is the eneralized moniker of harmful algal blooms (HABs) caused by high cell
densities and significant population increase of specific phytoplankton species (Smayda,
1997b; Nagasaki et al., 1999; Imai et al., 2004; Twiner et al., 2005). These species belong
to raphidophytes, dinoflagellates, prymnesiophytes, and silicoflagellates and when
sufficient cell densities are achieved cause the discoloration of water to red or brownish
(Smayda, 1997b). Among different bloom forming species, H. akashiwo blooms are
usually observed when the water temperature reaches 15 ºC and nutrients input increases
primarily through river run off (Taylor and Haigh, 1993). The blooms of this species are
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responsible for massive killings of cultivated or wild fish such as farmed salmon
(Smayda, 2006; Rensel 2007), Chinook salmon (Chang et al., 1990; Black et al., 1991;
O'Halloran et al., 2006), yellowtail, sea bream (Yamoehi and Abe, 1984), amberjack,
striped jack (Nagasaki et al., 1999), sea bass, right-eyed flounder and rainbow trout
(Smayda, 2006; Yu et al., 2010) around the world in regions such as Canada and United
States (Hershberger et al., 1997; Rensel and Whyte, 2003; O’Halloran et al., 2006; Rensel
et al., 2010), Mexico (Livingston, 2007), Japan (Ono et al., 2000; Haque and Onoue,
2002a), Chile (Clement and Lembeye, 1993), China (Tseng et al., 1993) New Zealand
(Chang et al., 1990), Spain (Martinez et al., 2010), and Norway (Pettersson and
Pozdnyakov, 2013), Figure 1.1. The economic loss to salmon aquaculture in B.C.
between 1986 and 1990 was estimated at CDN $15 million (Rensel, 2007). During a
four-month period in 1997 alone, H. akashiwo blooms resulted in a greater than $20
million loss of fisheries stock in British Columbia, Canada (Rensel and Whyte, 2003).
Table 1.1 summarizes the financial loss caused by HABs, especially H. akashiwo, in
different locations of the world.
Table 1.1: The economic impact of fish killing flagellates in different regimes of the
world.
Location

Year

Economic Lost (US $)

Reference

British Columbia, Canada

1989

~ $ 3.6 million

(Black, 1990)

Big Glory Bay, New Zealand

1989

~ $ 10.2 million

(Chang et al., 1990)

Kagoshima Bay, Japan

1995

~ $ 10.9 million

(Nagasaki et al., 1999)

Nomi Bay, Japan

1997

~ $ 2.37 million

(Nagasaki et al., 1999)

Puget Sound, USA

1990

$ 4-5 million

(Horner et al., 1991)

Washington State, USA

1986-1990

$ 11 million

(Yang et al., 1995)

North Puget Sound, USA

2006

$ 2 million

(Rensel, 2007)

British Columbia, Canada

2009

~ $ 4.2 million

(Trainer and Yoshida, 2014)

British Columbia, Canada

2010

~ $ 1.7 million

(Trainer and Yoshida, 2014)

British Columbia, Canada

2011

~ $ 2.8 million

(Trainer and Yoshida, 2014)

British Columbia, Canada

2012

~ $ 5.8 million

(Trainer and Yoshida, 2014)
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1.4 Heterosigma akashiwo taxonomy and morphology
Raphidophyceae is a class of unicellular, motile marine phytoplankton with yellow or
yellowish-brown color, two flagella, many discoid-shaped chloroplasts and no cell wall,
Figure 1.3 (Throndsen, 1997; Verity, 2010). The class Raphidophyceae contains five
different genera: Chattonella, Heterosigma, Chlorinimonas, Oltmannsia, and Viridilobus
(Throndsen, 1997; Engesmo et al., 2016). The taxonomy of this group is illustrated in
Figure 1.2.
H. akashiwo (Y.Hada) Y.Hada ex Y.Hara & M.Chihara, previously named H. carterae or
Olisthodiscus luteus, is a species with the following characteristics: 12-34 µm in length
and 8-10 µm in thickness, pleomorphic, with its shape changing from spheroidal to ovoid
or oblong depending on culture condition and cell age, has 10-25 greenish-brown discoid
chloroplasts in the peripheral region of each cell, main pigments of chlorophyll a+c with
fucoxanthin, two flagella, anterior flagellum is used for swimming and movement and the
posterior flagellum is rigid, Figure 1.3 (Hara and Chihara, 1987; Black et al., 1991;
Tyrrell et al., 1996; Throndsen, 1997; Smayda, 1998; Bowers et al., 2006; O’Halloran et
al., 2006).
Classification:
Empire

Eukaryota

Kingdom

Chromista

Phylum

Ochrophyta

Class

Raphidophyceae

Order

Chattonellales

Family

Chattonellaceae

Genus

Heterosigma

(other genera: Chattonella, Chlorinimonas, Oltmannsia and Viridilobus)
Figure 1.2: Raphidophyceae classification and taxonomy (updated from Throndsen,
1997).
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The number of chloroplasts per cell varies in different growth phases and is also affected
by irradiance, duration of photoperiod light phase, diurnally, and nutrient availability
(Smayda, 1998). Heterosigma cells undergo diel vertical migration from the bottom
layers of their habitat to the surface of the water before sunrise and downward migration
prior to sunset (Yamoehi and Abe, 1984; Tobin et al., 2013). The cells swim spirally
(Smayda, 1998). These cells form benthic vegetative cysts under stress (Imai et al., 1993;
O’Halloran et al., 2006; Powers et al., 2012). The cysts are covered with mucilaginous
materials with a variety of other particles such as sand grains, mud and pieces of diatom
frustule attached to them (Imai et al., 1993). The multiple mucocysts surrounding the
chloroplast are the discharge sites. Motile cells are covered with a 1-2 µm thick external
mucus layer, named glycocalyx that contains acidic, complex carbohydrates, and a
neutral protein carbohydrate complex of glycoproteins. The function of this layer is still
unknown (Smayda, 1998).
H. akashiwo is euryhaline and eurythermal cells and can tolerate a salinity range from 2
to more than 50 and a temperature range from less than 5 ºC to more than 30 ºC (Smayda,
1998).
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Figure 1.3: Light microscopy (A), fluorescence microscopy (B), schematic image (C),
transmission electron micrograph (TEM) (D), and scanning electron micrograph (SEM)
(E) of H. akashiwo.

1.5 Effect of physical and environmental factors on the
growth and toxicity of Heterosigma akashiwo
1.5.1

Temperature, light, and salinity

Physiological processes, growth, and bloom development in marine phytoplankton can be
modified by exposure to a wide range of environmental drivers. The growth rate, toxin
production and even pigment composition in euryhaline raphidophyte, H. akashiwo, are
affected by various factors such as temperature, light, salinity, pH, and different
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concentrations of nutrients (Ono et al., 2000; Haque and Onoue, 2002a; Martinez et al.,
2010; Mohamed and Al-Shehri, 2012).
The effects of temperature and light intensity on the growth and toxicity of H. akashiwo
isolated from Seto Inland Sea, Japan, showed that this raphidophytegrew best at 25 ºC
,with the highest toxin production at 20 ºC. The growth of this strain was much lower at
10 ºC and 15 ºC compared to 25 ºC and 30 ºC; however, cells were more toxic at these
temperatures. The highest toxin production was observed at 200 µmol photons m-2 s-1 but
with poor growth rate. This condition is in contrast with growth at 100 µmol photons m-2
s-1 which resulted in low toxin production with high growth (Ono et al., 2000).
Similar responses to temperature, light and salinity were observed for six different strains
of H. akashiwo from different geographical areas in the United States, Europe, and New
Zealand. All different strains showed the highest growth rate at 23 ºC with 100 µmol
photons m-2 s-1 light which is almost similar with the growth results from the Japanese
strain. The optimum growth rate was also obtained at salinities of 20 and 35, while there
was no growth at a salinity of 5 (Martinez et al., 2010). Furthermore, temperature was the
most important factor for cyst survival and germination for these strains. Germination
was not observed at 5 ºC, was low at 10 ºC, increased at 15 ºC and reached its highest
level at 25 ºC (Martinez et al., 2010).
Salinity is another major parameter that affects the growth and toxicity of H. akashiwo,
denoting its euryhaline character (Strom et al., 2013). It was observed that the lower
salinity had a positive effect on the toxin production, morphological condition, and
motility of H. akashiwo (Haque and Onoue, 2002a). The optimum growth rates for the
Japanese strain was obtained at a salinity of 25 while the highest toxin production was
observed at a salinity of 20 (Haque and Onoue, 2002a). The intensity of H. akashiwo
algal bloom in Saudi coastal waters correlated negatively with salinity over a narrow
range (26.3–34.20) cells failed to thrive when salinity was increase up to 40 (Mohamed
and Al-Shehri, 2012). Similar results regarding the salinity effect on the growth and
toxicity of H. akashiwo were observed by Strom et al. (2013) and Ikeda et al. (2016).
Each study reported higher toxicities when cells were grown at the lowest salinity level
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used in their studies. Salinity presented a direct influence on the growth rate and toxin
yields of the two other strains of harmful raphidophytes; Chattonella antiqua and C.
marina. These two strains showed the maximum toxicity at a salinity of 25 (Haque and
Onoue, 2002b).
The broad halotolerance may be a defensive adaptation as a refuge from predation using
the following mechanisms: the difference between H. akashiwo and some of its protistan
predators in the salinity tolerance, reduction in feeding rate of protist or increase of H.
akashiwo toxicity to protist predators in low salinity, and strong ability to acclimate to
lower salinity as physiological and behavioral plasticity in H. akashiwo (Strom et al.,
2013). To reduce the stress associated with increased turgor pressure caused by a
reduction in salinity level, H. akashiwo cell membrane alters its permeability (Ikeda et
al., 2016). The lack of thick cell wall in H. akashiwo, Figure 1.3-D, (Imai et al., 1993)
suggests low elastic modulus (Ɛ) values (Ikeda et al., 2016) which associates with
elasticity of the cell wall to maintain turgor pressure without damage to the cell structure
(Philip, 1958). A strong correlation was reported between cell permeability and
cytotoxicity of H. akashiwo isolated from the west coast of USA (Ikeda et al., 2016).
Both responses increased as salinity decreased from 32 to 10 (Ikeda et al., 2016).

1.5.2

Nutrients

As a result of urban, agricultural, and industrial development in coastal areas around the
world, where half of the world’s human population resides, the huge amounts of nutrient
inputs leads to enhancement of phytoplankton growth and biomass accumulation,
eutrophication. In many cases eutrophication progresses further results in hypoxia, fish
and shellfish kills, and loss of higher plant and animal habitat (Paerl et al., 2014). The
structure of phytoplankton communities and the metabolites they produce including
toxins and allelopathic compounds are in direct relation with nutrient concentrations,
ratios, and speciation in their environment (Wells et al., 2015).
A strong positive correlation between algal bloom intensity and accumulation of
macronutrients, such as NH4, NO3 and PO4, was detected for the H. akashiwo algal
bloom in Saudi coastal waters (Mohamed and Al-Shehri, 2012). The growth and bloom
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of H. akshiwo may be initiated or maintained by any of the three nitrogen substrates
(ammonium (NH4+), nitrate (NO3-) and urea (CH4N2O)) in the following order in N
uptake: NH4+> NO3-> urea (Herndon and Cochlan, 2007). There is little expression of
toxicity when cells are phosphate-limited; cells are somewhat more toxic when growth is
nitrogen-limited (Herndon and Cochlan, 2007); and even more toxic when cell growth is
iron-limited (Ling and Trick, 2010).
Micronutrients have also been implicated in the regulation of toxicity. Runoff water is a
major source for micronutrients such as iron and vitamin B12 in English Bay, Vancouver
(Taylor and Haigh, 1993). During the period of maximum runoff, the bloom of H.
akashiwo was reported in this area (Taylor and Haigh, 1993), and it was concluded that
the increase in vitamin B12 alleviated a vitamin deficiency that was impeding growth. A
substantial proportion of examined phytoplankton require exogenous vitamin B12 for their
growth and this source seems to be bacteria, representing an important and unsuspected
symbiosis (Croft et al., 2005). However, in marine ecosystems, the distributions and
dynamics of dissolved vitamin B12 has not received appropriate attention with regards to
HAB dynamics.

1.5.3

Climate change and global warming

Anthropogenic activities are having profound effects on the global environment (Steffen
et al., 2011). The atmospheric and ocean surface temperatures have risen, resulting in
melting ice and icebergs and therefore raising the ocean level (IPCC, 2013). The average
increase in temperature between 1880 to 2012 for combined land and ocean surface has
been recorded at 0.85 (0.65 to 1.06) °C. However, the average increase in ocean surface
temperature between 1971 and 2010, was 0.11 (0.09 to 0.13) °C per decade. The
substantial glacier mass loss globally along with ocean thermal expansion from warming
have raised the sea level since the early 1970s, and stratified the surface waters (IPCC,
2013). In addition, an increase in temperature can alter seasonal patterns by making
summers longer and shifting fall and spring timings (Wells et al., 2015). Mid- and highlatitude regions are anticipated to be influenced excessively by these changes (IPCC,
2013; Wells et al, 2015).
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In addition, since 1750, the atmospheric level of carbon dioxide, methane, and nitrous
oxides have grown remarkably (Moore et al., 2008). CO2 has increased from 280 ppm in
pre-industrial time in the late eighteenth century to 403 ppm in October 2017 (NOAA,
2017), mostly due to fossil fuel combustion and deforestation, and is predicted to increase
to ~ 750 ppm by 2100 (IPCC, 2013). Approximately, half of this atmospheric CO2 has
been absorbed by the oceans over the past 200 years (Caldeira and Wickett, 2003; Raven
et al., 2005) and dissolved in surface waters, resulting in ocean acidification by lowering
the oceanic hydrogen ion concentration (pH) (IPCC, 2013). Since the beginning of the
industrial era, this uptake of CO2 has led to a reduction of 0.1 units in surface seawater
pH, corresponding to a 26 % increase in the concentration of hydrogen ions (Raven et al.,
2005, IPCC, 2013).
Climate change and global warming can affect both species selection and phytoplankton
population dynamics (Wells et al., 2015). Growth (Moore et al, 2009; Xu et al., 2010),
germination (Itakura and Yamaguchi, 2005), motility (Kamykowski and McCollum,
1986; Kim et al., 2013), nutrient uptake, photosynthesis, and other physiological
processes (Raven and Geider, 1988; Beardall and Raven, 2004; Marinov et al., 2010),
metabolic rates (Wells et al., 2015), and toxicity (Moore et al., 2009) of planktonic
systems globally will be influenced by climate change pressures.
H. akashiwo growth, maximum population density, carrying capacity, and primary
productivity rates may be elevated by future high CO2 regimes and temperature (Fu et al.,
2008; Xu et al., 2010). The motility behavior of H. akashiwo is another parameter that
may be affected by the elevation of CO2 under future conditions (Kim et al., 2013). An
increase in swimming speed was detected by increasing pCO2 by 8.2 % when pCO2
shifted from 280 ppm to 750 ppm (Kim et al., 2013).
H. akashiwo growth may benefit excessively from future increase in CO2 and
temperature as proved by laboratory experiments carried out under future environmental
conditions and scientific reports in the past decades (Fu et al., 2008; Xu et al., 2010, Kim
et al., 2013). For example, the population density of H. akashiwo has increased during
recent decades in various locations. In Skidaway estuary, Georgia, USA, the annual mean
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concentration of H. akashiwo, increased from 94-127 cells ml-1 in 1986-1987 to 552-670
cells ml-1 in 2007-2008 (Verity, 2010).

1.6 Heterosigma akashiwo cyst formation
Many harmful algae exhibit an active motile stage and a benthic vegetative cyst stage
(Powers et al., 2012; Tobin et al., 2013). As a result of stress, such as nutrient limitation,
reduced temperature, and light, these rigid cysts form and sink to the sea bed where they
can survive for years in the ocean sediments (Itakura et al., 1996; O’Halloran et al., 2006;
Camacho et al., 2007; Rensel et al., 2010; Powers et al., 2012). These cysts are
immovable, close to 10 µm in diameter, spherical in shape and surrounded with
mucilaginous materials of sediments and have a yellow-greenish color (Imai et al., 1993;
Itakura et al., 1996).
Environmental characteristics such as temperature, light and nutrients are the main
factors affecting the germination and transfer from benthic vegetation cysts to active cell
phase. The active cell phase is followed by an increase in metabolic activity, cell division
and upward movement to water surface. Rapid transition could form harmful algal
blooms (Martinez et al., 2010; Rensel et al., 2010; Tobin et al., 2013).
H. akashiwo germinate quickly, transferring from a benthic cyst to active cell (Tobin et
al., 2013). Temperature and light are the key factors affecting germination. A water
temperature of 15 ºC and dim light have been reported as the threshold for H. akashiwo
cyst germination (Imai and Itakura, 1999; Martinez et al., 2010; Rensel et al., 2010;
Tobin et al., 2013). H. akashiwo showed no or a very slow growth at 11 ºC, nevertheless,
its cysts survived at 11 ºC in the dark for 650 days. Cyst survival decreased to 165 days in
the dark at 25 ºC (Imai and Itakura, 1999). The cyst cells contain a significantly lower
total lipid content compared to active cells. For a successful transition between these two
stages, fatty acid composition plays a crucial role (Tobin et al., 2013). During this
transition and under certain environmental conditions such as an abrupt change in
temperature, salinity, the content of biogenic elements, and illumination, polyunsaturated
fatty acids (PUFAs) are strongly required to form photosynthetic membranes
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(Solovchenko, 2012) and to modify cellular and organelle membranes (Cohen et al.,
2000). Neutral lipid reservoirs provide the required energy for algal motility (Tobin et al.,
2013).
In contrast, nutrient depletion and a decrease in irradiance with depth may be a possible
trigger to force the cells towards the benthic environment in search of new nutrients or
induce vegetative resting cyst formation (Yamochi, 1984). H. akashiwo revealed greater
toxicity under nutrient depletion stress (Honjo, 1993) during late stationary growth phase
(Powers et al., 2012). Within individual communities or blooms, cysts with a toxic
characteristic can form if different potential toxicity components exist in a population and
therefore the chance of harmful algal bloom increases. Cells with high sinking rate
display the highest toxicity in comparison with the positively buoyant populations
(Powers et al., 2012).

1.7 Fish killing mechanisms by Heterosigma akashiwo
Every year, massive mortality of fish occurs in coastal waters around the world because
of algal blooms of raphidophyte, H. akashiwo, resulting in huge financial losses (Twiner
et al., 2005; Kegel et al., 2013). However, the toxin(s) and mechanism(s) of fish-killing
by H. akashiwo and other ichthyotoxic raphidophytes are still unclear. The following
hypotheses are some of the toxicological mechanisms for fish killing presented by
different researchers, Figure 1.4:
•

Asphyxiation by covering fish gills and physical damage as a result of
extreme mucous secretion (Chang et al., 1990).

•

Asphyxiation and gill tissue damage due to reactive oxygen species (ROS)
production, such as superoxide, hydrogen peroxide, and hydroxyl radicals
(Yang et al., 1995; Oda et al., 1997; Twiner and Trick, 2000).

•

Cardiac disorders and gill injury as a result of organic toxin production
known as brevetoxin-like neurotoxin (Khan et al., 1997; Ono et al., 2000;
Haque and Onoue, 2002a).

•

Hemolytic compounds which lyse red blood cells (Ling and Trick, 2010;
Wagenen et al., 2014).
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Each of these mechanisms will be discussed in the following sections.

Figure 1.4: Framework for physiological activities associated with a fish kill by H.
akashiwo. After attachment to the gill of the fish, algal cells embed into gill tissues using
exoenzymes. The presence of the algal cells stimulates mucus secretion, followed by the
algal cells producing neurotoxins, and reactive oxygen species that cause asphyxiation in
the fish. In addition, hemolysins compounds can lyse the erythrocytes to scavenge
nitrogen and iron (Modified from Evans et al., 2005).

1.7.1

Mucous secretion

One of the listed fish killing mechanisms is mucous secretion produced by some marine
algae which have been associated with fish kills worldwide, resulting in asphyxiation by
physical clogging and mechanical obstruction to gill perfusion (Chang et al., 1990).
The produced algal toxin by Chatonella antiqua caused osmoregulatory disorders on the
gill primary Iamella and removed the mucus layer from the young yellowtail fish gills
(Shimada et al., 1983). It was then followed by mucous secretion stimulation leading to
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hyaline degeneration of the cell membrane and consequently cell loss and, therefore,
disruption in gas distribution and finally fish death. Similar mechanism in the presence of
H. akashiwo was responsible for massive chinook salmon killing in Big Glory Bay,
Stewart Island, New Zealand in 1989 (Chang et al., 1990). Histopathological test was
performed on chinook salmon from this bloom and uncommon changes were observed in
their gills and intestines. Algal toxin damaged the gill lamella, reduced blood flow and
increased oxygen, carbon dioxide, and ammonia diffusion distance which caused
asphyxiation and osmotic shock (Chang et al., 1990). On the other hand, H. akashiwo’s
toxin was concentrated in the intestine as water was absorbed by intestine (Chang et al.,
1990).
Mucous secretion in yellowtail gills was stimulated with oxygen radical production by
Chattonella and destruction of gas exchange capacity of the gills by shunting respiratory
water current away from the lamellae (Ishimatsu et al., 1996). In normal growth
conditions superoxide anions (O2-) and hydrogen proxide (H2O2) are produced and
released by C. marina and H. akashiwo. O2- production is stimulated in the presence of
some mucous compounds such as lectins. Excessive mucus on the surface of gill lamella
may interfere with O2 transfer resulting in asphyxia in yellowtail fish (Oda et al., 1997).
In the presence of 100 µg ml-1 fish mucus prepared from the skin and gills of yellowtail,
red sea bream and Japanese flounder, a 4 to 6-fold increased level of O2- was detected in
both H. akashiwo and C. marina, which may suggest that the common substances present
in the skin and gill mucus may be responsible for stimulating these two different
raphidophytes (Nakamura et al., 1998). Similar results were observed in the presence of
C. marina on short-necked clam (Ruditapes philippinarum). The results indicated that the
contact between C. marina and gill tissue led to simultaneous glycocalyx discharge from
C. marina with increased O2- production causing massive mucous secretion from the gills
and suffocation in the end (Kim et al., 2004).
Gill damage was reported as a potential cause of fish mortality (Carrasquero-Verde,
1999). Due to algal toxin, the gas exchange capacity reduced in the gill level and
therefore epithelial separation of gill filaments happened, resulting in asphyxiation
(Carrasquero-Verde, 1999).
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1.7.2

Reactive oxygen species (ROS) production

Reactive oxygen species (ROS) production such as superoxide (O2–), hydrogen peroxide
(H2O2) and hydroxyl radicals (•OH), is another mechanism which has been suggested for
fish mortality in the presence of H. akashiwo (Nakamura et al., 1998; Carrasquero-Verde,
1999; Kim et al., 2000; Twiner and Trick, 2000; Twiner et al., 2001; Kim et al., 2005;
Liu et al., 2007). These molecules are unstable with a short half-life that can cause death
by damaging DNA, RNA, and proteins when they react with other molecules (Hallegraeff
et al, 2016).
O2- and H2O2 are generated in the cell plasma membranes as a result of NADH oxidation
activity. The NADH oxidation activity is directly related to the presence of iron ion
which is crucial for ROS generation (Oda et al., 1997; Marshall et al., 2002). The
membrane of the epithelial cells of the secondary lamellae is the first target of the
produced ROS by H. akashiwo which is followed by edema in gill lamellae (Yang et al.,
1995).
Under normal growth conditions H. akashiwo, C. marina and some other strains of
Raphidophyceae class are able to produce and release O2- and H2O2 (Oda et al., 1997;
Oda et al., 1998). C. marina cells are able to produce greater amounts of O2- and H2O2
due to their larger cell size (Oda et al., 1997; Marshall et al., 2005). As a result of a
smaller cell size, H. akashiwo produces a lower level of cellular superoxide but with a
high potential to produce a greater level of total superoxide through the high cell biomass
achieved during a bloom (Marshall et al., 2005). The production rate of O2- and H2O2 in
H. akashiwo depends on the cell concentration (Yang et al., 1995). When present in
concentrations less than 104 cells ml-1, ROS is hardly detectable, but when cell density
reaches a concentration higher than 104 cells ml-1, greater levels of O2- and H2O2 are
released (Yang et al., 1995). H. akashiwo produced up to 7.6 pmol min–1 104 cells–1
hydrogen peroxide which led to a H2O2 extracellular concentration of ~ 0.5 µmol l–1
(Twiner and Trick, 2000). The temperature and light intensity did not show a significant
influence on hydrogen peroxide production, nevertheless, when the iron quantity reduced
to 10-9 mol l-1, the H2O2 production increased from 3.9 to 6.9 pmol min–1 104 cells–1
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(Twiner and Trick, 2000). Iron is a redox metal that reduces H2O2 to produce hydroxy
radicals (•OH) (Twiner et al., 2001). Consequently, it was concluded that the production
of extracellular hydrogen peroxide occurs through a metabolic pathway which is not
directly linked to photosynthesis. The results of a study on the influence of hydrogen
peroxide on the mortality of vertebrate cell line (human embryonic kidney and rat
osteosarcoma) and the invertebrate Artemia salina (brine shrimp) indicated that the cell
toxicity was induced at hydrogen peroxide concentrations greater than 10-4 M. On the
other hand, comparing the H2O2 induced toxicity between vertebrate cell line and marine
invertebrate indicated that marine invertebrate was not as sensitive to hydrogen peroxide
as vertebrate cells (Twiner et al., 2001).
On the other hand, the mucus production from the skin and gill tissue of different fish
species was reported to have a stimulating effect on the increased amount of O2- in H.
akashiwo and C. marina (Nakamura et al., 1998). However, H2O2, which is the most
stable ROS, did not reveal any increase in hemolytic activity of H. akashiwo and
erythrocyte lysis (Ling and Trick, 2010).
Similar results were observed for other raphidophyte species, such as C. marina, in the
presence of reactive oxygen species (ROS) which were responsible for fish and shellfish
gill tissue damage and mortality (Kawano et al., 1996; Kim et al., 2004). This strain is
able to produce 100 times more reactive oxygen species compared to other algal species
(Marshall et al., 2003). The highest level of O2- production was observed at the
exponential growth phase of C. marina with cell concentrations more than 103 cells ml-1.
On the other hand, the excessive generation of O2- was related to the presence of iron
ions (Kawano et al., 1996; Marshall et al., 2003). The first physiological disorder
observed in fish after exposure to C. marina was a decrease in oxygen partial pressure of
arterial blood (Oda et al., 1997). The ventilation volume and velocity of C. marina with
gills increased when the dissolved oxygen decreased (Marshall et al., 2003). The
discharge of glycocalyx from C. marina increased the O2- production, possibly resulting
in ROS mediated massive mucous secretion from the gills tissue which caused
suffocation (Oda et al., 1997; Oda et al., 1998; Kim et al., 2004).
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Small amounts of free fatty acids (FFA) are toxic to fish (Marshall et al., 2003). In the
presence of superoxide and 0.2 mgl−1 polyunsaturated fatty acid eicosapentaenoic acid
(EPA), a LT50 of 83 min was obtained, which is equal to either 4 mg l−1 of EPA or around
103 cells ml−1 of Chattonella culture as a toxic level for fish (Marshall et al., 2003).
Different reasons for gill damage as a result of FFAs and ROS have been suggested
including the reduction of respiratory capacity because of gill membrane separation,
reduction of blood pH due to FFAs or superoxide absorption leading to suppressed
respiratory and/or osmoregulatory capacity, and reduction of osmoregulatory capacity as
a result of destruction of the chloride cells (Marshall et al., 2003).
Nutrient deficiency (nitrogen, phosphorus) has a negative effect on ROS production by C.
antiqua during the cell growth phase (Kim et al., 2005). ROS (O2- and H2O2) production
in C. antiqua was higher in daytime which suggests that it has a correlation with the
photosynthetic process (Kim et al., 2005). A wide range of N: P ratios, salinity, and light
and darkness cycle did not show a significant influence on ROS production and ROS
production was not directly related to the growth rate of C. marina while, high pH and
iron limitation affected the ROS production in this strain (Liu et al., 2007).

1.7.3

Toxin production

Neurotoxin production is another fish killing mechanism caused by polycyclic polyether
brevetoxins (PbTx) which leads to gill damage or cardiac disorders (Endo et al., 1992;
Khan et al., 1997; Baden et al., 2005). Brevetoxins contains nine different components
which are based on two different ladder-liker lipophilic carbon structural backbones,
PbTx-2 (brevetoxin B) and PbTx-1 (brevetoxin A) (Baden et al., 2005). Other toxins are
derived from these two groups, Figure 1.5 (Baden et al., 2005). The consumption of
brevetoxin by humans is responsible for a neurological disease called neurotoxic shellfish
poisoning (NSP) which causes a malfunction of voltage-gated sodium channels in nerve
cells (Poli et al., 1989). Other food poisoning syndromes which are caused by different
algal toxins, especially neurotoxins, and impact human health through the consumption
of contaminated shellfish, coral reef fish and finfish, or through water or aerosol exposure
are as follows: paralytic shellfish poisoning (PSP), amnesic shellfish poisoning (ASP),
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diarrheic shellfish poisoning (DSP), ciguatera fish poisoning (CFP) and azaspiracid
shellfish poisoning (ASP) (Wang, 2008).
H. akashiwo was able to produce four different neurotoxic compounds; HaTx-I, HaTxIIa, HaTx-IIb, and HaTx-III which corresponded to brevetoxin components, PbTx-2,
PbTx-9, PbTx-3 and oxidized PbTx-2, respectively, using high pressure chromatography
(HPLC) technique (Khan et al., 1997). Among these toxins, HaTx-III had the highest
(1.30 pg cell-1) and HaTx-IIa the lowest (0.05 pg cell-1) concentration of toxin in this
algal culture. Fish death as a result of paralysis occurred when the cell density of H.
akashiwo was more than 120,000 cells ml-1. In addition to cell density, cell size, age of
culture, temperature, salinity and light intensity are some other factors that may influence
toxin production in H. akashiwo (Khan et al., 1997; Ono et al., 2000; Haque and Onoue,
2002a). It was reported that, low salinity stimulated brevetoxin production and the lowest
toxin production was observed at 30 ºC (Ono et al., 2000; Haque and Onoue, 2002a).

Figure 1.5: Brevetoxin structures (Baden et al., 2005).
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Fibrocapsa japonica was reported to produce the highest amount of toxin in the middle
of the exponential phase and the lowest level in the stationary phase. F. japonica
produced five different toxins, the concentration of which fluctuated based on cell age
and the growth phase of the culture. No toxicity was observed until the culture cell
density reached 4.1×103 cells ml-1 (Khan et al., 1996).
Neurotoxins compounds created by Chatonella red tide in coastal waters in Delaware,
USA, caused massive fish killing in 2000 (Bourdelais et al., 2002). The histological
studies showed severe damage to fish gills in the presence of Chatonella marina (Endo et
al., 1985). The initial toxicity for C. marina was recorded at 700 cells ml-1 (DorantesAranda et al., 2011). It was observed that when the fish were exposed to Chatonella
marina, their heart beat decreased very fast and consequently reduced the oxygen uptake
through the gills due to limited blood flow resulting in gill damage and cardiac disorder
(Endo et al., 1988; Endo et al., 1992). The depolarization of the vagal nerve of the fish is
reported as a reason for heart beat reduction in the presence of the neurotoxin produced
by C. marina (Endo et al., 1992).

1.7.4

Hemolytic components production

The last introduced cause for fish killing by toxic algae are the hemolytic and
hemagglutinating compounds (de Boer et al., 2004; Fu et al., 2004; de Boer et al., 2009;
Ling and Trick, 2010; Mohamed and Al-Shehri, 2012). Unfortunetly, little is known
about the mechanism of hemolysis but it was reported that the hemolytic activity of
raphidophytes are in direct relation with environmental conditions such as light, salinity
and nutrients (de Boer et al., 2009; Ling and Trick, 2010).
The highest hemolytic activity in H. akashiwo was observed when the cell was damaged
(Ling and Trick, 2010). On the one hand, the most hemolytic activity was detected in the
exponential growth phase when the cells had the maximum activity. The hemolytic
agents were active in the presence of adequate light. On the other hand, the ultrasonically
ruptured cell cultures of H. akashiwo indicated powerful hemolytic activity in
comparison with intact cell cultures which suggested that the hemolytic compounds were
located in certain intracellular compartments (Ling and Trick, 2010).
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In the bloom area of H. akashiwo in Saudi coastal waters, hemolytic activity increased
when the number of cells in the culture declined and reached the maximum level when
the bloom began to collapse (Mohamed and Al-Shehri, 2012). The maximum hemolytic
activity had a direct relation with low salinity and high nutrient concentrations, however,
nutrient limitation did not induce hemolytic activity (Mohamed and Al-Shehri, 2012).
Fibrocapsa japonica, another raphidophyte species, resulted in a wide range of EC50
between 0.4 and 1.9 × 104 cells ml-1 (de Boer et al., 2009). The hemolytic activity of F.
japonica was only 7 % of its activity in the presence of light and in the minimum salinity
condition of the test (de Boer et al., 2004; de Boer et al., 2009). No significant difference
of hemolytic activity was observed between the exponential and stationary phase.
However, in the stationary phase, these cells showed less motility and under P and/or C
limitation in this stage they were able to produce sticky aggregates (Boer et al., 2004).
Some of the hemolytic compounds were isolated and characterized as polyunsaturated
fatty acids (PUFAs) in nature (de Boer et al., 2004; Fu et al., 2004; de Boer et al., 2009).
Various techniques such as NMR, LC–ESI–MS, ESI–MS–MS, IR, GC–MS and GC–
HRMS were employed to identify the chemical characteristics of three hemolytic
compounds, Fj1, Fj2 and Fj3, isolated from the Fibrocapsa japonica and categorized as
polyunsaturated fatty acids (Fu et al., 2004). Gel-filtration chromatography was used to
isolate the toxins from cell-free methanol extract of C. marina, followed by further
purification procedures via thin-layer chromatography (TLC), and high-performance
liquid chromatography (HPLC) (Kuroda et al., 2005). The results showed that the
hemolytic compounds isolated from C. marina were categorized as fatty acids such as
polyunsaturated fatty acids as well (Landsberg, 2002; Kuroda et al., 2005).

1.8 Described methods for toxicity measurement
In order to measure the toxicity production in H. akashiwo, researchers have employed
various methods and techniques such as different bioassay methods, flow cytometer and
hemolytic assay.
In bioassay methods, the following different models have been used:
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•

Eggs such as Artemia salina eggs (Twiner et al., 2001) and scallop eggs of
Argopecten irradians (Wang et al., 2006)

•

Larva such as scallop Argopecten irradians (Wang et al., 2006),

•

Fish such as juvenile red sea bream Pagrus major (Khan et al., 1997; Ono et al.,
2000; Haque and Onoue, 2002a), yellow tail Seriola quinqueradiata (Nakamura
et al., 1998), brine shrimp Artemia salina (Mohamed and Al-Shehri, 2012;
Powers et al., 2012), oyster Crassostrea virginica (Keppler et al., 2005), rainbow
trout Oncorhynchus mykiss (Yang et al., 1995);

•

Gill and skin tissue of different types of fish such as Japanese flounder,
Paralichythy olivaceus (Nakamura et al., 1998), yellowtail, Seriola
quinqueradiata (Oda et al., 1998), oyster, Crassostrea virginica (Keppler et al.,
2005), and salmon (Chang et al., 1990),

•

Cell lines such as mammalian cell lines HEK-293 (human embryonic kidney),
UMR-106 (rat osteosarcoma) (Twiner et al., 2001; Twiner et al. 2004) and the
permanent epithelial cell line RTgill-W1 initiated from the gill filaments of
rainbow trout Oncorhynchus mykiss (Cochlan et al., 2012, Ikeda et al., 2016).

The toxicity levels were calculated from the survival time of larva and fish or the amount
of damage to the tissue by histopathological examination of tissues and investigation of
cell line activities with indicator dyes.
Chemiluminescence assay is one of the methods used to detect superoxide anions (O2-).
In this method, a chemical probe with luminescence properties and a luminometer is used
to record the chemiluminescence response (Nakamura et al., 1998; Oda et al., 1998;
Marshall et al., 2005). To identify the released hydrogen peroxide (H2O2) from H.
akashiwo culture, a fluorometric assay can be used (Twiner and Trick, 2000).
To study the hemolytic activity of H. akashiwo, rabbit blood was used for erythrocyte
lysis assay (ELA) (Ling and Trick, 2010; Mohamed and Al-Shehri, 2012). For other
strains of Raphidophyceae, blood cells from other animals such as rat (de Boer et al.,
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2004), or fish such as carp (Cyprinus carpio) (Eschbach et al., 2001) was used. To
investigate the hemolytic activity of H. akashiwo, a series of algal samples including an
intact culture (viable cells and extracellular material), a culture supernatant, an
ultrasonically ruptured cell suspension, and a supernatant from an ultrasonically ruptured
cell suspension was prepared and followed by ELA method and the absorbance of each
samples was measured at 414 nm (Ling and Trick, 2010). The results revealed that the
hemolytic agents are located in certain intracellular compartments and released upon cell
damage (Kuroda et al., 2005; Ling and Trick, 2010). Moreover, the hemolytic
compounds in both H. akashiwo and C. marina are light-dependent agents and the
intensity of light plays an important role in regulating the toxicity of raphidophytes
(Kuroda et al., 2005; Ling and Trick, 2010).

1.9 Toxin extraction and separation
In order to extract and separate toxin from the H. akashiwo culture, different methods
have been used and reported such as using solvent (de Boer et al., 2004), thin-layer
chromatography (TLC) (Haque and Onoue, 2002a) and high-pressure liquid
chromatography (HPLC) (Khan et al, 1997; Ono et al., 2000). In one of the main methods
for toxin separation and purification, described by Baden and Mende (1982) and
modified later, first, the toxins are extracted with organic solvents and then purified and
separated with TLC and HPLC or LC-MS/MS techniques and finally their retention times
are compared with standard toxins (Brevetoxins) (Baden and Mende, 1982; Khan et al.,
1997; Ono et al., 2000; Kuroda et al., 2005).
Using chemicals to extract toxin followed by HPLC or LC-MS/MS techniques have also
been reported for other algal strains (Bourdelais et al., 2002; Ming-ming et al., 2004;
Rundberget et al., 2007; Haiyan et al., 2014).

1.10 The effect of multiple stressors
Most research studies carried out to investigate the effect of environmental parameters on
harmful algal bloom organisms focus on a single factor experiment, while the interaction
between these parameters and simultaneous variation of multiple factors, which can lead

25

to unpredicted outcomes on phytoplankton communities and produced metabolites, have
not received enough attention (Wells et al., 2015). To develop and improve quantitative
predictive models for harmful algal blooms, which are currently still in their infancy, and
to evaluate our understanding of the effect of environmental multi-stressors on bloom
formation and toxicity of HABs species, multifactorial experiments can provide valuable
information. In this process, the results from multifactorial experiments can be used in
global models to investigate if ecologically realistic results are obtained (Wells et al.,
2015). Therefore, investigating the effect of multiple stressors on HAB and non-HAB
organisms is strongly required to improve our current understanding of these
phytoplankton behavior under conditions experienced in the environment.

1.10.1

One-factor-at-a-time (OFAT) approach

One-factor-at-a-time (OFAT) approach, is used extensively in experimental practice by
many scientists and engineers. It is based on selecting a starting point for each factor
followed by successively varying each factor over its range while the other factors are
fixed (Montgomery, 2012). After performing all the possible experimental conditions, the
obtained data should be plotted to evaluate the response of the variables by changing each
factor while keeping others constant, Figure 1.6-A. This approach, although widely used,
has some disadvantages including:
•

A failure to recognize possible interactions between the factors. This is a serious
deficiency of the OFAT approach (Montgomery, 2012; Niedz and Evens, 2016).

•

When characterizing a system using the OFAT approach, large quantities of data
are essential, since little information is attained with using OFAT approach
(Niedz and Evens, 2016).

•

OFAT approach is inefficient and costly in terms of time and materials (Frey and
Jugulum, 2005; Sakkas et al., 2010).

Now a question is raised about finding an appropriate method which provides sufficient
information regarding the simultaneous behaviors of multi-stressors and their
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interactions. For this purpose, statistical design of experiment (DOE) approach is
presented.

1.10.2

Design of experiment (DOE) approach

The term of “design of experiment” (DOE) was proposed by Fisher in the early 1900s
when he was working at a private agricultural research station and published the first
book in this field titled “Statistical methods for research workers” in 1925 (Fisher, 1925;
Niedz and Evens, 2016).
Design of experiment (DOE) approach is introduced to give a powerful suite of statistical
methodology and improve the performance of a complex system (Coscolla et al., 2014;
Niedz and Evens, 2016). This approach is more effective compared to OFAT when the
impact of more than two factors on a response should be determined, Figure 1.6
(Czitrom, 1999). Some advantages of using DOE over OFAT are as follows:
•

Less resources including experiments, time, and materials are required to obtain
the essential information while process yield is improved (Czitrom, 1999;
Montgomery, 2012; Niedz and Evens, 2016).

•

Interaction between factors, which is very common, can be estimated more
accurately with DOE (Czitrom, 1999; Montgomery, 2012).

•

The effect of each factor is estimated more precisely and the quality of the
obtained information increases (Czitrom, 199).

•

Experimental information is obtained over a larger region of the factor space
which results in an improvement in the prediction of the response in the factor
space. Since the optimal solution is searched for over the entire factor space, the
process optimization is more efficient. (Czitrom, 1999).

•

True quality and productivity are integrated and maximized by DOE (Niedz and
Evens, 2016).
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Therefore, the DOE approach is an efficient statistical inference which leads to a
maximum informative analysis of the experimental data by performing controlled
experiments (Kreutz and Timmer, 2009; Garud et al., 2017). The most efficient approach
for DOE is to start with screening the major factors through a set of experiments to detect
the critical process factors and eliminate further number of defects per unit (Mandenius
and Brundin, 2008; Montgomery, 2012). To improve the screening, detecting curvature
in the response, collecting additional response values, and detecting errors for the same
response, adding replications of center points, which is the midpoint for all factors, to the
experimental system is beneficial (Anderson and Whitcomb, 2007; Mandenius and
Brundin, 2008). The obtained data from screening can be used to detect optimal factor
values, If the curvature is present, by augmenting into a central composite design (CCD)
which is a 2k full factorial design, where k represents the number of factors (Czitrom,
1999; Mandenius and Brundin, 2008, Cavazzuti, 2013). The final data can be used in
response surface methodology (RSM) to generate a polynomial response surface model
to find the maximum response to the factors (Mandenius and Brundin, 2008, Cavazzuti,
2013; Coscolla et al., 2014).

Figure 1.6: A comparison design of experiment (DOE) (A) and one-factor-at-a-time
(OFAT) (B) in the presence of three factors (23). With three factors, DOE only requires 8
runs while 16 runs are required for an OFAT experiment with equivalent power.
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1.11 Thesis questions, hypotheses and objectives
The overall aim of this study is to investigate the combined effect of environmental
parameters simultaneously on the growth and toxicity of marine raphidophyte H.
akashiwo. To reach this goal, this thesis addressed the following primary research
questions:
1. What are the main environmental parameters affecting bloom initiation
and toxicity?
2. Is there any way to assess the combined effect of environmental factors
simultaneously on the growth and toxicity of HABs species including H.
akashiwo?
3. Is there any cell-based bioassay that can be utilized to evaluate the
cytotoxic effects of HABs species including H. akashiwo in a short period
of time, with small required volume samples, in a precise, fast and reliable
manner, and without raising any ethical concerns?
4. How can environmental conditions associated with climate change and
global warming affect the bloom initiation and toxicity?
5. How to employ the existing cell-based bioassay to detect and measure the
toxicity and hemolytic activity of H. akashiwo?
In order to answer these questions, the following research hypotheses were tested:
1. H. akashiwo maintains ichthyotoxic activities and growth in a broad range
of environmental factors, such as temperature, light and salinity. Based on
previous studies, the highest toxicity was observed in low temperature and
salinity levels.
2. Design of experiment (DOE) approach is an effective method to measure
the impact of two or more factors on the same response simultaneously in
a precise manner.
3. Yeast cells have been recommended as a common cell bioassay with high
sensitivity to different metabolic and membrane-modulating agents. It is
easy to work with and maintain and free from ethical issues. This species
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is a suitable and inexpensive candidate to test the toxicity of HABs species
under various conditions in a short period of time.
4. Environmental factors associated with global warming and climate change
have direct and indirect effects on the oceans. One of the consequences of
this phenomenon is the increase of frequency, magnitude and duration of
HABs (Wells et al., 2015). H. akashiwo is a species that will maintain
ichthyotoxic activities under new ocean conditions.
5. The application of rainbow trout cell line RTgill-W1 (GC) and
erythrocytes lysed assay (ELA) will result in concentration dependent
decreases in the viability of both GC and ELA cells after exposing to the
extracted mixture of algal metabolites. Therefore, both cell lines are
suitable to assess cytotoxicity in cultured HABs samples.
In order to test the research hypotheses, multiple objectives were established.
1. Employing the DOE approach to measure the combined effect of various
environmental factors on the growth and toxicity of H. akashiwo and
finding the optimum conditions for bloom initiation and toxicity.
2.

Utilizing yeast cells as a new bio-cell assay to measure the toxicity of H.
akashiwo.

3. Investigating the effect of climate change and global warming on growth,
toxicity, and lipid content of H. akashiwo using DOE approach and
determining the optimum growth, toxicity and lipid conditions.
4. Applying GC and ELA to investigate their effectiveness and adaptability
to the extracted mixture of algal metabolites.
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Chapter 2

2

Multiple-stressor design-of-experiment (DOE) and onefactor-at-a-time (OFAT) observations defining
Heterosigma akashiwo growth and toxicity.

This chapter was submitted as a manuscript for publication to the J. Applied Phycology
(Mehdizadeh Allaf, M., Trick, C.G., 2018).

2.1 Introduction
The frequency of harmful algal bloom (HABs) occurrences in fresh and marine waters
have increased in the past five decades, resulting in the reduction in lake aesthetics,
aquatic ecological services and fisheries, a growing concern about public health and
associated economic losses including tourism (Watkins, 2008; Anderson et al., 2012,
Brooks et al., 2015). Among the 4000 extant marine microalgae species, ~ 200 are
defined as HAB species (Smayda, 1997; Landsberg, 2002; Rodger et al., 2011; Anderson,
2014). These cells affect the aquatic ecosystems in a limited number of ways.
One group of HAB species are fish-killing marine flagellates (Edvardson and Imari,
2006) a taxonomically diverse assemblage verified by size, mobility, and a method of
affecting another aquatic biota. Cochlodinium, Karenia, Chattonella, Pseudochattonella,
Heterosigma, Prymnesium are highly potent taxonomically unrelated flagellate groups
which their blooms can cause significant damage and substantial losses in aquaculture
facilities (Hallegraeff et al., 2016).
Among these fish-killing species, Heterosigma akashiwo (Hada) (Hara and Chihara,
1987), a gold-brown raphidophyte flagellate, is one of the globally important nuisances.
Blooms of H. akashiwo have resulted in expansive fish kills and, therefore, significant
economic loss in different parts of the world such as Canada and United States
(Hershberger et al., 1997; Rensel et al., 2010), Mexico (Livingston, 2007), New Zealand
(Chang et al., 1990) and Japan (Ono et al., 2000; Haque and Onoue, 2002). Taylor and
Horner (1994) reported about $4-5 million loss per year as a result of Heterosigma bloom
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in British Columbia waters. During a four-month period in 1997 alone, H. akashiwo
blooms resulted in a greater than $20 million loss of fisheries stock in British Columbia,
Canada (Rensel and Whyte, 2003).
Studies on cellular physiology of the cells have shown that environmental factors such as
light, temperature, salinity and nutrients composition can affect the growth and toxicity of
H. akashiwo (Ono et al., 2000; Gao et al., 2007; Martinez et al., 2010; Strom et al., 2013;
Ikeda et al., 2016). Nutrients availability, salinity, and light intensity may remarkably
vary in coastal waters and estuaries which in turn, can impact the growth and toxicity of
phytoplankton (Taylor and Haigh, 1993; Handy et al., 2005; Zhang et al., 2006; Waring
et al., 2010, Ikeda et al., 2016). As light intensity and temperature vary seasonally, these
changes can affect the time of optimal growth for a particular species of phytoplankton
(Warner and Madden, 2007). Researchers observed that H. akashiwo usually appears in
late spring/early summer in different parts of the world when water temperature is around
15 °C (Taylor and Haigh, 1993; Khan et al., 1997; Warner and Madden, 2007; Martinez
et al., 2010). The ability of H. akashiwo to migrate vertically provides nutrients to the
cells in the mid-summer period when the thermocline is established and enable species to
use light to optimize the photosynthetic process during the early and late day periods
(Ault, 2000). This diel photo-response, when combined with the extensive number of
chloroplasts, the uncommon fluorescence and pigment characteristics were reported for
this species in comparison with many conventional models of photo protection in other
algal species, makes H. akashiwo an impressive cell for detailed photosystem studies
(Hennige et al., 2013).
Under lower temperatures and dark conditions, H. akashiwo migrates to the bottom
sediments and forms benthic stage cells (Tomas, 1978; Yamochi, 1984) including,
vegetative cells or cysts (Imai et al., 1993). The cell size and the nuclei of cysts are
smaller than vegetative cells, its shape is more spherical and surrounded by mucilaginous
material, immobile with yellow-greenish to brownish in color (Imai et al., 1993; Itakura
et al., 1996; Smayda, 1998).
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The migration of H. akashiwo was reported across strong haloclines associated with the
great jump in salinity from 28 to 8 (Bearon et al., 2006; Tobin et al., 2013). Laboratory
evidence revealed that H. akashiwo cells were able to swim through halocline with only a
modest decline in swimming speeds (Bearon et al., 2006).
The level of salinity in coastal waters fluctuates due to river inputs, freshwater runoff
with rainfall, tidal and ocean currents, influx of ground water and variable evaporation
rates (CCME, 1999). This level in the Salish Sea region of the west coast of the US and
Canada is lower than oceanic average as a result of high amount of freshwater inputs and
low evaporation rate due to a cooler climate (Harrison et al., 1983). The level of salinity
that can be tolerated by H. akashiwo falls in a broad range and has been reported between
0 to 40. The highest specific growth rates were observed at salinity levels between 10 to
30 and the lowest growth rates at salinity levels lower than 10 and greater than 30 (Haque
and Onoue, 2002; Strom et al., 2013). In response to the varied range of salinity and as an
acclimation mechanism, H. akashiwo changes the membrane permeability when the
turgor pressure increases as a result of a decrease in the solute content of their external
environment (Ikeda et al., 2016). Ikeda et al. implies that this changes in turgor pressure
is related to the induction of toxicity.
Investigating the effect of environmental factors on the growth of H. akashiwo can add
significant insight into the understanding of physiology and bloom formation of this
species (Smayda, 1998). A few studies have been conducted to measure the effect of
light, temperature and salinity on the growth of H. akashiwo (Ono et al., 2000; Martinez
et al., 2010; Strom et al., 2013; Ikeda et al., 2016). The available literature does not
provide adequate information about the optimal multi-stressor conditions in which H.
akashiwo grows and finally causes harmful algal blooms. Also, to the best knowledge of
the authors, previous studies that have explored the effect of important parameters on the
growth of H. akashiwo used one-factor-at-a-time (OFAT) approach where only one factor
or variable is changed at a time while keeping others fixed. A designed experiment is a
more effective approach when studying the impact of two or more factors on a response
compared to OFAT experiment because the estimates of the effects of each parameter are
more accurate, the interaction between parameters can be estimated in a systematic way,
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and a larger region of the factor space, compared to OFAT, is considered resulting in a
more accurate estimation of the response (Cuthbert, 1973; Czitrom, 1999; Frey and
Jugulum, 2005). In addition, fewer resources including experiments, time, and materials
are required to obtain the essential information while process yield is improved (Czitrom,
1999; Montgomery, 2012; Niedz and Evens, 2016).
The objective of this study is, therefore, twofold: 1) to independently investigate the
effect of salinity, temperature and light intensity and the interaction between these
environmental factors on the growth of H. akashiwo, 2) employ OFAT strategies to
systematically determining the optimized combinatorial conditions under which H.
akashiwo reaches its maximum growth, yield, and cellular permeability.

2.2 Materials and methods
2.2.1

Culturing procedures

Heterosigma akashiwo (NWFSC-513) used in this study was isolated in 2010 from Clam
Bay, WA, USA, by researchers from the Northwest Fisheries Science Center (NOAA,
Seattle, WA, USA). Stock cultures were maintained in artificial seawater medium
(ESAW) (Harrison and Berges, 2005) supplemented with f/2 (minus Si) nutrients
Guillard, 1975). Cells were grown in 250 ml Erlenmeyer flasks and incubated at 20 ± 1
ºC and under a continuous white fluorescent light flux of 80 ± 5 µmol photons m-2 sec-1.
All glassware was soaked in 1 % HCl and thoroughly rinsed with tap water, followed by
a series of distilled water rinses to ensure the removal of trace metals from bound to the
glassware.

2.2.2

Experimental procedures

Once the flasks were inoculated, the cells were preconditioned to the experimental
temperature and salinity. Preconditioned cells were inoculated from the mid to late
exponential growth phase (usually day 3 or 4 in the exponential phase) into the
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experimental flasks at a constant inoculum of 10,000 cells ml-1. Triplicate flasks were
prepared for each experimental treatment.
Media with specific salinity were prepared by adding varying amounts of NaCl (SigmaAldrich, Canada) to artificial seawater (ESAW). To adjust the experimental temperature
and light, cultures were grown in Panasonic Climatic Chamber equipped with cool-white
fluorescence lamps and forced air circulation. The photosynthetic photon flux density
was measured using a Quantum Scalar Laboratory (QSL) sensor (Biospherical Inc., San
Diego, CA, USA).

2.2.3

Cell growth measurements

Every 24 ± 1 hours, 0.5 ml samples were collected from each culture. A sub-sample (30
µl) of each culture was used to measure the number of cells per ml using Turner Design
Phytocyt flow cytometer (BD Bioscience, San Jose, CA, USA). The population of H.
akashiwo was gated in dot-plot mode, and cell density (cell ml-1) was calculated using
equation (1):
C
where

Eq. (1)
is the number of cells in the gated area and

is the total volume (µl) of the sub-

sample.
The rate of cell increase per unit of time in the exponential growth phase is proportional
to the cell number present in the culture at the beginning of any time unit (Wood et al.,
2005). This increase of cell density is known as specific growth rate (Ke), expressed as
per unit time (t-1), and was calculated using the following equation (Guillard, 1973):
Eq. (2)
where N0 is the initial population at the beginning of the exponential phase of cell growth
(t0) and Nt is the population at the end of time interval (tt). The doublings per day (k),
which represents the number of cell division in a day was estimated as follows:
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Eq. (3)
To determine the cell yield of H. akashiwo the average of the three highest densities
achieved at the end of the exponential and beginning of the stationary phase was used.

2.2.4

Cell permeability

To reduce the stress caused by salinity reduction H. akashiwo cells alter their membrane
permeability (Ikeda et al., 2016). To assess this cellular permeability, SYTOX® Green
high-affinity nucleic acid stain was used. This fluorochrome only enters cells with a
compromised plasma membrane and binds to nucleic acids (Veldhuis et al., 2001;
Peperzak and Brussaard, 2011). To evaluate the cellular permeability, a 50 µM working
solution of SYTOX® Green (S7020; Invitrogen, Grand Island, NY, USA) was prepared
in ultra-pure water and stored at -20 °C until use. The background fluorescence of
preserved cells was measured by adding Lugol’s iodine solution at a final concentration
of 0.5 % (v/v). Samples were inverted four times immediately to avoid cell shrinkage
and lysis (Herndon et al. 2003) and 30 µl sub-samples were analyzed by flow cytometer
at the same excitation and emission as SYTOX Green, which are 488 nm and 523 nm,
respectively. Then, SYTOX Green was added to a final concentration of 0.6 μM to the
unstained samples. Each sample was incubated for 15 min in the dark at room
temperature. Samples were inverted four times and 30 µl of each sample was measured
by flow cytometry. The cellular permeability was determined as the average cell-bound
SYTOX Green in exponential and stationary phase after subtracting from background
fluorescence.

2.2.5

Experimental design

A central composite face centered design (CCF) with three factors was selected to
calculate the response pattern and to determine the optimal combination of salinity,
temperature and light influence that results in the maximum growth rate, cellular
permeability, and yield of H. akashiwo. An initial two-level factorial design had shown
significant curvature and confirmed the significance of all three parameters (data not
shown); after that the design was expanded to a CCF. The highest and lowest level for
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each factor in two-level factorial design was selected based on the highest and lowest
growth rates of H. akashiwo in the preliminary experiments. For instance, increasing the
temperature to over 25 °C, resulted in a decline in the growth rate (data not shown) which
is why the maximum temperature was chosen to be 25 °C. The un-coded values for each
parameter were as follows: [low star point, center point, high star point]: Salinity [ 5,
17.5, 30], temperature in °C [15, 20, 25], and light irradiance in µmol photons m-2 s-1 [30,
140, 250]. The experimental design was developed using Design Expert 10.0.3.1 (StatEase, Inc., Minneapolis, MS, USA) and resulted in 14 conditions. All conditions were
tested in triplicate, including three center points. The resulting 51 conditions (8×3
factorial+6×3 augmented+3×3 center points) were fully randomized.

2.2.6

Statistical analysis

To fit the experimental data with a second-order model the linear regression analysis was
used (equation 4).
Eq. (4)
where β0 is the constant parameter, 3 is the number of variables, xi and xj are the design
variables in coded values, βi, βii, and βij are the coefficients of linear parameters,
coefficients of quadratic parameters, and interaction parameters, respectively.
The experimental data were analyzed using Design Expert 10.0.3.1. The significance of
each term was verified via analysis of the variance (ANOVA). The significance of each
main effect and their interactions, and quadratic effects were determined based on an α of
0.05 using the F-test. The fitted model was evaluated by normal probability plots, R2, and
adjusted R2, and lack of fit coefficient for evaluating the adequacy. Numerical
optimization via Design Expert 10.0.3.1 determined the conditions under which the
maximum growth rate, cellular permeability and yields of H. akashiwo occurs. The
model and optimization results were validated by performing experiments around the
predicted optimum points.
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2.3 Results and discussion
2.3.1

Growth rate

The specific growth rate in this study was determined from the exponential portion of
growth curves. Samples grown at 15 °C showed the lowest overall specific growth rates
and doublings per day among selected temperatures under different salinity
concentrations and light intensities. At 15 °C, Figure 2.1-A, the maximum growth rate
was observed at a salinity of 17.5 and a light intensity of 140 µmol photons m-2 s-1. No
growth was observed when salinity and light intensity were set to 5 and 250 µmol
photons m-2 s-1, respectively. A similar trend was observed for doublings per day which is
proportional to specific growth rate.
At 20 °C, the highest specific growth rate was observed when the salinity was set at 17.5,
and light intensity was arranged at 250 µmol photons m-2 s-1. The highest selected
temperature (25 °C), exhibited the best overall growth rate and doublings per day. The
highest growth rate and doublings per day were detected when the salinity and light were
17.5 and 140 µmol photons m-2 s-1.
Ikeda et al. (2016) reported the rate of specific growth improved by increasing the
temperature from 14.7 to 24.4 °C, while they observed the highest specific growth rate at
salinity of 20. Whereas, Strom et al. (2013) showed different strains of H. akashiwo
isolated from Salish Sea were able to tolerate a wide range of salinities but the maximum
specific growth rates were detected between 15 to 30. In addition, the study on alternative
strains from different parts of the world demonstrated that the salinity of 20 and 30
showed better specific growth rate at 23 °C at 100 µmol photons m-2 s-1 (Martinez et al.,
2010). Similar results were detected for Japanese strain of H. akashiwo grown at 25 °C
and a light intensity of 100 µmol photons m-2 s-1 with salinity set to 25 % (Ono et al.,
2000; Haque and Onoue, 2002).
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Figure 2.1: Profiles of specific growth rate (Ke) and doublings per day (k) for H.
akashiwo at (A) 15 °C, (B) 20 °C and (C) 25 °C at different salinities and light intensities.
The bar chart represents the specific growth rate (d-1) and the scatter plot illustrates the
doublings per day (d-1). The discrete data points are average of triplicate measurements ±
standard deviation (n=3).
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2.3.1.1

Determining the optimum conditions for the maximum
growth rate of H. akashiwo

In the available literature on the role of important environmental factors on the growth
rate of H. akashiwo a one-factor-at-a-time (OFAT) approach has been implemented by
almost all researchers. Statistically designed experiments in which the factors under study
vary simultaneously is a more effective way to determine the impact of important factors
and their interactions on the response compared to varying only one factor at a time while
keeping others fixed. To improve the present understanding of the role of environmental
factors on the growth of H. akashiwo a statistically designed experiment was used. The
experimental conditions were chosen based on a central composite design.
The actual values of the independent variables and the measured responses are shown in
Table 2.1. All experiments were completed in triplicates and average values ± standard
deviations are presented in Table 2.1.
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Table 2.1: The specific growth rate and doublings per day of H. akashiwo grown under
conditions determined for central composite design (n=3).
Salinity

Temperature
(°C)

Light

Specific growth rate
(Ke) (day-1)

Doublings per day
(k) (day-1)

5

25

30

0.32 ± 0.09

0.46 ± 0.13

5

15

30

0.16 ± 0.04

0.23 ± 0.06

5

20

140

0.15 ± 0.03

0.22 ± 0.04

5

25

250

0.45 ± 0.04

0.65 ± 0.05

5

15

250

0

0

17.5

20

30

0.25 ± 0.04

0.37 ± 0.06

17.5

20

140

0.70 ± 0.06

1.01 ± 0.05

17.5

20

140

0.66 ± 0.04

0.95 ± 0.06

17.5

20

140

0.65 ± 0.07

0.94 ± 0.06

17.5

20

140

0.75 ± 0.04

1.08 ± 0.06

17.5

20

140

0.66 ± 0.05

0.95 ± 0.03

17.5

25

140

0.75 ± 0.05

1.08 ± 0.08

17.5

15

140

0.46 ± 0.03

0.67 ± 0.04

17.5

20

250

0.81 ± 0.09

1.17 ± 0.13

30

25

30

0.39 ± 0.03

0.57 ± 0.05

30

15

30

0.22 ± 0.02

0.32 ± 0.03

30

20

140

0.68 ± 0.06

0.98 ± 0.09

30

25

250

0.55 ± 0.03

0.79 ± 0.06

30

15

250

0.19 ± 0.02

0.28 ± 0.03
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2.3.1.2

Response surface model (RSM) validation

The complete dataset was fitted with a quadratic model as described in Equation 4 for the
growth rate and doublings per day. The resulting model parameters are shown in Table
2.2. The F-values of the models are 3.48 for growth rate, as well as for doublings per day.
In comparison with critical values, the F-values are very high, indicating that the models
are significant. The significance of each parameter coefficient was determined by pvalues, the smaller the p-value, the more significance the coefficient. In this study, the
temperature and quadratic effect of salinity were significant. The coefficient of
determination, R2 = 0.797, and adjusted determination coefficient, adjusted R2 = 0.5678,
for both responses was used to confirm the goodness of fit of the model. A ratio of 6.312
of the adequate precision indicates an adequate signal to noise ratio for navigating the
design space.
The quadratic model for H. akashiwo growth rate in terms of actual factors are as
follows:
Specific growth rate, Ke = -1.15 + 0.06 × Salinity + 0.08 × Temperature + 8.67E-004 ×
Light - 1.47E-003 × Salinity2
Doublings per day, k = -1.67 + 0.09 × Salinity + 0.12 × Temperature + 1.2E-003 × Light
- 2.13E-003 × Salinity2
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Table 2.2: Analysis of variance of fitted model for H. akashiwo growth rate (Ke) and
doublings per day (k).
Source

Remark

Sum of

Degree of

Mean

squares

freedom

square

F- value

P- value
Prob>F

Ke

Significant

0.76

9

0.085

3.48

0.046

k

Significant

0.32

9

0.18

3.48

0.046

Ke

Not-significant

0.092

1

0.092

3.77

0.088

k

Not-significant

0.19

1

0.19

3.77

0.088

Ke

Significant

0.2

1

0.2

8.38

0.02

k

Significant

0.42

1

0.42

8.39

0.02

Ke

Not-significant

0.043

1

0.043

1.77

0.2

k

Not-significant

0.09

1

0.090

1.77

0.2

Ke

Significant

0.14

1

0.14

5.73

0.04

k

Significant

0.29

1

0.29

5.73

0.04

Model

Salinity (A)

Temperature
(B)

Light (C)

A2

Ke

0.797

k

0.797

Ke

0.568

k

0.568

Ke

6.312

k

6.312

R-squared

Adj-squared

Adeq
precision
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2.3.1.3

Combined effect of salinity, temperature, and light on the
growth rate

To investigate the interactive effect of these three factors, response surface methodology
was used. The surface plot for combined effects of temperature and salinity on the
specific growth rate and doublings per day of H. akashiwo are illustrated in Figures 2.2-A
and 2.2-B, respectively. Both specific growth rate and doublings per day are functions of
temperature and salinity. The plots in Figure 2.2 clearly show the presence of an optimum
point within the observed design space with respect to salinity and temperature.
Increasing the initial temperature improves the specific growth rate and doublings per day
over the observed design space.

Figure 2.2: Surface plot of combined effect of salinity and temperature on H. akashiwo.
(A) specific growth rate (Ke) (B) doublings per day (k).
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2.3.1.4

Response optimization and model validation

To determine the optimal combination of process parameters for the maximum growth
rate and doublings per day, and according to the model, numerical optimization was used.
The optimal condition for growth rate and doublings per day were a salinity of 20.5, a
temperature of 25 °C and light intensity of 200 µmol photons m-2 s-1.
The applicability of this RSM model was validated by implementing the confirming
experiments around the estimated optimized point, presented in Table 2.3. Comparing the
predicated values with experimental data with t-test at 95 % confidence showed no
significant difference. Consequently, the proposed RSM model can be used as a useful
model to predict the specific growth rate and doublings per day of H. akashiwo.
Table 2.3: Predicted and measured specific growth rate (Ke) and doublings per day (k)
around estimated optimal points.
Ke

k

Temperature

Light (µmol

(°C)

photons m-2 s-1)

20.34

24.99

202.82

0.812 ± 0.16

0.70 ± 0.03

1.172 ± 0.22

1.00 ± 0.05

20.1

24.82

192

0.809 ± 0.16

0.70 ± 0.02

1.167 ± 0.22

1.01 ± 0.03

2.42

4.87

205.3

0.810 ± 0.16

0.72 ± 0.02

1.169 ± 0.22

1.04 ± 0.02

Salinity

Pred: Predicted
Exp: Experimental

Pred.

Exp.

Pred.

Exp.
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2.3.2

Yield

Cell yield in a physiological parameter that measures the efficiency of nutrient use by the
cells in culture. Often referred to as “nutrient use efficiency”, yield often depicts the
energetic and nutrient imbalance of cells under specific environmental conditions.
The effect of salinity, light and temperature on cell yield is presented in Fig 2.3. The
highest and lowest overall cell yields were observed at 25 °C and 15 °C, respectively. A
salinity of 30, light intensity of 30 µmol photons m-2 s-1 at 25 °C resulted in the maximum
yield, while no measurable yield increase was detected at a salinity of 5 and light
intensity of 250 µmol photons m-2 s-1 at 15 °C.
Overall, the results in Fig 2.3 suggest temperature and salinity have a more pronounced
impact on yield production of H. akashiwo compared to light intensity. Increasing the
temperature improved the overall yield and reducing the salinity lower than 17.5 resulted
in a decrease in yield.

2.3.2.1

Determining conditions for maximum yield

To determine the optimum conditions that result in maximum cell yield of H. akashiwo
under the three main environmental factors, experimental conditions were selected
according to a central composite design. Actual values of independent variables and
measured responses are shown in Table 2.4. All experiments were completed in triplicate
and averages ± standard deviations are presented in Table 2.4.
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Figure 2.3: The yield of H. akashiwo grown at (A) 15 °C, (B) 20 °C and (C) 25 °C with
different salinities and light intensity. The discrete data points are average of triplicate
measurements ± standard deviation (n=3).
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Table 2.4: The yield of H. akashiwo cells under conditions determined for central
composite design (n=3).
Salinity

Temperature (°C)

Light (µmol photons m-2 s-1)

Yield (cells ml-1) × 103

5

25

30

135.7 ± 42.2

5

15

30

1.6 ± 0.36

5

20

140

12.1 ± 2.4

5

25

250

44.4 ± 7.3

5

15

250

0

17.5

20

30

38.6 ± 6.2

17.5

20

140

150.6 ± 25.7

17.5

20

140

254.6 ± 55.2

17.5

20

140

149.8 ± 32.2

17.5

20

140

150.7 ± 12.8

17.5

20

140

151.8 ± 46.4

17.5

25

140

254.6 ± 36.8

17.5

15

140

96.8 ± 26.2

17.5

20

250

199.9 ± 50.5

30

25

30

269.7 ± 50.9

30

15

30

81.7 ± 28

30

20

140

214.3 ± 19.5

30

25

250

195.2 ± 50.6

30

15

250

89.0 ± 25.12
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2.3.2.2

Response surface model and validation for yield

To assess the validity of the cell yield, based surface model the ANOVA results for the
response surface linear model is presented in Table 2.5. The model F-value of 8.15
implies the model is significant. p-values less than 0.05 indicate that the coefficient of
parameters are significant. Based on the obtained significant model, salinity and
temperature were shown to have significant effect on H. akashiwo yield. For navigating
the design space, a ratio of 8.6 of the adequate precision shows an adequate signal to
noise ratio.
Final equation for the yield production in H. akashiwo in terms of actual factors is as
follows:
Yield (cells ml-1) = -2.10E+005 + 5249.34 × Salinity + 12609.28 × Temperature + 1.19 ×
Light
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Table 2.5: Analysis of variance of fitted model for H. akashiwo cell yield.
Sum of

Degree of

squares

freedom

Sig

8.280E+010

A

Sig

B
C

Source

Remark

Model

p-value

Mean square

F-value

3

2.760E+010

8.15

0.0022

4.306E+010

1

4..306E+010

12.71

0.0031

Sig

3.975E+010

1

3.97E+010

11.74

0.0041

N.sig

1.707E+005

1

1.707E+005

5.041E-005

Rsquared
Adjsquared
Adeq
precision
A: Salinity; B: Temperature; C: Light; Sig: Significant; N.sig: Not-significant

Prob>F

0.9944

0.6359

0.5579

8.629
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2.3.2.3

Combined effect of salinity, temperature, and light on yield

The interaction of aforementioned factors on the yield production was studied by using
response surface methodology. The surface plots of combined effects of salinity and
temperature, and salinity versus light on H. akashiwo yield are shown in Figure 2.4. The
plot visibly shows that by increasing the salinity and temperature (Figure 2.4-A) the yield
increases linearly. Nevertheless, light did not show any significant impact on the
production of yield (Figure 2.4-B). The highest yield was observed at 25 °C, salinity of
30, and light intensity of 250 µmol photons m-2 s-1. The model predicted a yield
production value of 262843 ± 58192 (cells ml-1) at this point while a yield production
value of 195184 ± 50630 (cells ml-1) was obtained experimentally. A T-test at 95 %
confidence showed no significant difference between the predicted and actual values.

Figure 2.4: Surface plot of combined effect of process variables on H. akashiwo yield.
(A) temperature and salinity, (B) salinity and light.
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2.3.3

Cell permeability

To reduce the stress associated with increased turgor pressure, as a result of the reduction
in environmental solute content, H. akashiwo cell membrane can alter their permeability
characteristics (Ikeda et al., 2016). This ability seems to be essential for organisms to
tolerate rapid salinity fluctuation during tidal cycles (Krist, 1989). Consequently, the cells
require energy to maintain the pressure (Krist, 1989). It has been reported that different
strains of H. akashiwo are capable of adapting physiologically to various ranges of
salinity (Zhang et al., 2006) in their natural environment (Honjo, 2004).
The cellular permeability of H. akashiwo under different salinities, temperatures and light
intensities is shown in Figure 2.5. The maximum cellular permeability was observed at
15 °C, salinity of 5 and light intensity of 30 µmol photons m-2 s-1.
Ikeda et al. (2016), reported similar findings for different salinities and temperatures but
did not include the effect of light intensity. They observed cellular permeability increased
when the temperature was reduced to 14.7 °C at salinities of 10 and 20. Besides, they
reported the salinity of 10 resulted in the highest cellular permeability compared to
salinities of 20 and 32.
Tolerating low salinity by altering cell membrane permeability appears to be a surviving
mechanism from other protistan predator species by H. akashiwo (Strom et al., 2013). A
strong correlation was detected between the increase of cellular permeability, as a result
of salinity reduction, and toxic effect of this raphidophyte (Strom et al., 2013; Ikeda et al.,
2016).
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Figure 2.5: The cellular permeability of H. akashiwo grown at (A) 15 °C, (B) 20 °C and
(C) 25 °C with different salinities and light intensity. The discrete data points are average
of triplicate measurements ± standard deviation (n=3).
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2.3.3.1

Determining the optimum conditions for maximum cellular
permeability

To calculate the point for the optimum cellular permeability of H. akashiwo under the
various ranges of salinity, temperature and light, the experimental conditions were
selected based on central composite design and the actual values of the independent
variables and their measured responses are shown in Table 2.6.
Table 2.6: Cell permeability of H. akashiwo under conditions determined for central
composite design (n=3).
Salinity

Temperature (°C)

Light (µmol photons m-2 s-1)

Cell permeability (RFU) (×103)

5

25

30

132.85 ± 37.61

5

15

30

1011.27 ± 161.41

5

20

140

580.42 ± 132.23

5

25

250

306.83 ± 30.09

5

15

250

0

17.5

20

30

96.24 ± 29.96

17.5

20

140

17.5

20

140

74.41 ± 124.89

17.5

20

140

218.78 ± 113.98

17.5

20

140

219.28 ± 134.17

17.5

20

140

216.58 ± 174.46

17.5

25

140

74.41 ± 24.34

17.5

15

140

73.86 ± 2.98

17.5

20

250

88.52 ± 24.89

30

25

30

58.58 ± 20.63

30

15

30

100.00 ± 33.83

30

20

140

88.34 ± 15.70

30

25

250

111.23 ± 43.18

30

15

250

162.18 ± 28.48

219.28 ± 0.19
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2.3.3.2

Response surface model and validation for cellular
permeability of H. akashiwo

The complete data set (Table 2.6) was fitted with a 2-factor interaction (2FI) model. The
resulting model parameters are shown in Table 2.7. The model was significant based on
the F-value of 3.67. The significance of each parameter was evaluated by p-value. Results
showed that salinity had a significant effect on the cellular permeability of cells while
temperature and light did not show a significant effect. However, the interaction of light
and temperature showed a significant influence on the cellular permeability of our model.
This shows the advantage of using the DOE over OFAT approach in studying the
interaction of multiple factors on the response. Based on the knowledge of the authors it
is the first time the effect of the interaction of temperature and light on cell permeability
is reported. To predict the response of given levels of each factor the following equation
concerning actual factors can be used:
Cell permeability (RFU) = + 2.06E006 – 43375.14 × Salinity – 67450.21 × Temperature
– 7522.69 × Light + 267.20838 × Temperature × Light
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Table 2.7: Analysis of variance of fitted model for H. akashiwo cellular permeability.
Sum of

Degree of

Mean

squares

freedom

square

Significant

6.405E+011

6

1.067E+011

3.67

0.03

Salinity (A)

Significant

2.283E+011

1

2.283E+011

7.84

0.017

Temperature

Not-

(B)

significant

4.401E+01

1

4.401E+01

1.51

0.24

5.332E+01

1

5.332E+01

1.83

0.20

1.728E+011

1

1.728E+011

5.94

0.03

Source

Remark

Model

Light (C)

BC

Notsignificant
Significant

F-value

p-value
Prob>F

R-squared

0.667

Adj-squared

0.485

Adeq
precision

8.733
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2.3.3.3

Combined effect of salinity, temperature, and light on
cellular permeability

The interaction effect of environmental factors on the cellular permeability of H.
akashiwo was studied by using response surface methodology. The interaction of salinity
and temperature, Figure 2.6-A, shows the highest cellular permeability was reached by
reducing the salinity. The significant interaction of light and temperature, Figure 2.6-B,
shows that increasing light intensity and reducing temperature increased the cellular
permeability of H. akashiwo. Decreasing salinity and increasing the light intensity would
raise the cellular permeability (Figure 2.6-C).
The maximum cell permeability was reached at 15 °C, a salinity of 5, and light intensity
of 30 µmol photons m-2 s-1. The predicted cell permeability at aforementioned conditions
was 812654 ± 170610 (RFU) and an experimental value of 1011266 ± 161404.9 (RFU)
was obtained. T-test at 95 % confidence showed no significant difference between the
predicted and actual values.

Figure 2.6: Surface plot of combined effect of process variables on the cell permeability
of H. akashiwo. (A) salinity and temperature, (B) temperature and light intensity, and (C)
salinity and light intensity.
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2.3.4

Combined effect of responses on H. akashiwo

Environmental conditions that lead to a low growth rate also generate low cell yields
(Figure 2.7). If photosynthesis is not impacted it means that there is a considerable carbon
energy that is not transferable to growth and may result in an access amount of fix, noncellular carbon (i.e. mucus). The relation between growth rate and yield was calculated
and the Pearson’s correlation coefficient of 0.79 with a p-value of 4.9×10-4 presented a
positive linear correlation between these two different responses in H. akashiwo.
The maximum cellular permeability was observed at growth rates less than 0.2 d-1, while
the growth rates higher than 0.2 d-1 did not show a significant effect on the cellular
permeability of the cells.
Variation of cellular permeability as a function of cell yield also displayed a pattern
similar to the growth rate. The lowest cell yield correlated to the highest cellular
permeability (Figure 2.8). However, no significant variation in cellular permeability was
observed when the cell yield passed 50000 cells ml-1 and reached the maximum level in
this study.
Ikeda et al. (2016) found a strong correlation between cell permeability and toxicity of H.
akashiwo, while, an inverse relationship was detected between cell density (Cells ml-1)
and cellular toxicity. Therefore, it is likely that the lower yield samples with the highest
cell permeability associated with the ichthyotoxic pathway of this raphidophyte.
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Figure 2.7: The effect of cellular permeability and cell yield of H. akashiwo as a
function specific growth rate.

Figure 2.8: The effect of cellular permeability of H. akashiwo as a function of cell yield.
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2.4 Conclusions
The combined effect of multiple environmental factors, including temperature, salinity
and light intensity on the optimum conditions that result in the maximum growth rate,
doublings per day, yield and cell permeability of H. akashiwo was successfully studied
using statistically designed experiments. Unlike previous studies where only one-factorat-a-time (OFAT) is studied while keeping other factors fixed, the method used in this
study made it possible to determine the interactions between the important factors on the
response. The following main conclusions can be drawn based on obtained results.
Temperature and quadratic effect of salinity had significant effect on the growth rate and
doublings per day of marine microalgae H. akashiwo. As a result of that, the maximum
growth rate and doublings per day of H. akashiwo in the studied range was detected at a
salinity of 20.5, a temperature of 25°C and light intensity of 200 µmol photons m-2 s-1.
Moreover, the interaction of these environmental factors on the yield of this microalgae
indicated a linear model, where the highest yield was observed at a salinity of 30, a
temperature of 25 °C and light intensity of 250 µmol photons m-2 s-1. In the yield
production, the effect of salinity and light were significant, while light did not show a
significant impact on yield.
The cellular permeability of H. akashiwo was measured using SYTOX ® Green nucleic
acid stain. Ikeda et al. (2016) documented that cell permeability and toxicity are strongly
correlated. Here, we view the cell permeability data as an indication of changes in
toxicity against fish and other marine species. The cells altered their permeability as an
adaptive mechanism to salinity. Although light intensity and temperature did not have a
significant role in cellular permeability, their interaction played a significant role in the
permeability of the cell membrane. The highest cellular permeability was detected when
the cultures were grown at a salinity of 5, a temperature of 15 °C and a light intensity set
to 30 µmol photons m-2 s-1.
Using the DOE approach, narrowed the interpretation of results from a series of OFAT
experiments. This increased precision substantiates the approach for multi-stressor
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experiments that are critically needed for the interpretation of models for climate change
modification of HABs species distribution, competitive advantage and community
diversity.
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Chapter 3

3

Regulation and cellular localization of toxicity in the
marine fish-killing flagellate, Heterosigma akashiwo.

3.1 Introduction
The ichthyotoxic raphidophyte Heterosigma akashiwo, a golden-brown unicellular
microalga causing harmful algal blooms, has been frequently observed in coastal waters
around the world over the past few decades (Taylor and Haigh, 1993; Smayda, 1998;
Ikeda et al., 2016). H. akashiwo blooms are sporadic, and are responsible for the fatality
of cultured and wild fish in different parts of the world such as North America including
Canada and United States (Hershberger et al., 1997; Rensel and Whyte, 2003; O’Halloran
et al., 2006; Rensel et al., 2010), Mexico (Livingston, 2007), Japan (Ono et al., 2000;
Haque and Onoue, 2002), Chile (Clement and Lembeye, 1993), China (Tseng et al.,
1993), New Zealand (Chang et al., 1990), Europe such as Spain (Martinez et al., 2010),
and Norway (Pettersson and Pozdnyakov, 2013).
The global loss of resources due to this species is several millions of dollars each year
(Anderson et al. 2000; Lewitus et al., 2012). During a four-month period in 1997 alone,
H. akashiwo blooms resulted in greater than $20 million loss of fisheries stock in British
Columbia, Canada (Rensel and Whyte, 2003).
The toxin and mechanism by which H. akashiwo and other ichthyotoxic raphidophytes
kill fishes are not clear. So far, four different mechanisms have been hypothesized
regarding the fish kills: (1) mucous secretion by H. akashiwo resulting in fish
asphyxiation by covering fish gills (Chang et al., 1990), (2) production of brevetoxin-like
neurotoxin compounds causing cardiac disorders and/or gill damage (Khan et al., 1997;
Ono et al., 2000), (3) production of reactive oxygen species (ROS) such as superoxide,
hydrogen peroxide, and hydroxyl radicals affecting fish gill (Yang et al., 1995; Twiner
and Trick, 2000), and (4) production of hemagglutination and hemolysis compounds
which causes blood cell lysis (Ling and Trick, 2010).
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The most routinely employed method to measure the ichthyotoxic effect of marine
microalgae in laboratory is bioassay, using whole organism or larva such as brine shrimp
(Artemia salina) (Mohamed and Sheheri, 2012; Powers et al., 2012; Astuya et al., 2015),
Japanese sea bream fish (Pagrus major) (Nakamura et al., 1998; Ono et al., 2000), and
yellowtail (Seriola quinqueradiata) (Ishimatsu et al., 1996a). The mouse bioassay is also
widely used worldwide. However, this bioassay is unreliable and ethically questionable
(Botana et al., 2009; Stewart and McLeod, 2014).
Each whole organism bioassay experiment requires prolonged exposure or follow-up
periods (72 hours or greater) and is prone to errors in evaluation, particularly high levels
of variance (Powers et al., 2012). Therefore, finding a rapid, inexpensive, and reliable
bioassay model for evaluating the toxicity of harmful algal species is required.
Different environmental factors affect toxin production depending on the HABs taxon
(Boyer et al., 1987; Haque and Onoue, 2002; de Boer et al., 2004; Kuroda et al., 2005; de
Boer et al., 2009; Errera et al., 2014). A direct correlation was detected between
environmental factors such as light, temperature and salinity and the growth and toxicity
of H. akashiwo in different geographical areas (Ono et al., 2000; Haque and Onoue,
2002; Mohamed and Sheheri, 2012; Ikeda et al., 2016). For Japanese strain the highest
toxicity was observed at a light intensity of 200 µmol photons m-2 s-1, and a temperature
lower than 25 °C (Ono et al., 2000). While the highest cellular toxicity of H. akashiwo
(NWFSC-513) which was isolated from the bloom in 2010 in Salish Sea, the inland
waters of southwestern British Columbia, Canada, and northwestern Washington, USA,
was detected at a temperature of 14.7 °C and salinity of 32 (Ikeda et al., 2016). The
bloom of H. akashiwo was observed for the first time in Red Sea waters, off the coast of
Saudi Arabia in May 2010. It occurred when there was a decrease in salinity (<30) and an
increase in temperature (>19 °C) (Mohamed and Sheheri, 2012). The results of
toxicological assays from the bloom samples presented a greater toxicity and hemolytic
activity than the batch cultures (Mohamed and Sheheri, 2012).
Lipids and proteins are cell constituents whose rate of production in cellular level can be
affected by environmental stress. While lipids are structural components of cell
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membranes, modulate cellular activity, and serve as energy storage compounds (FuentesGrunewald et al., 2012), proteins work in various ways in a cell as structural and
functional component.
There is growing concern that climate change could affect the fatty acid composition in
aquatic ecosystems drastically (Hixson and Arts, 2016), leading to a disruption of carbon
and energy transfer along the lower food chain.
A positive correlation was proposed between the hemolytic activity and polyunsaturated
fatty acids (PUFAs) (Ling and Trick, 2010). Similar compounds have been isolated and
categorized as PUFAs from the raphidophytes Fibrocapsa japonica (Fu et al., 2004) and
Chattonella marina (Kuroda et al., 2005), that may be the primary causative substances
in fish mortalities (Fu et al., 2004).
The induced allelopathic compounds isolated from H. akashiwo were categorized as
polysaccharide-protein complexes (APPCs) which can inhibit the competitor’s growth by
binding to the cell surface (Yamasaki et al., 2009).
In this study, the effect of environmental factors such as light, temperature and salinity on
the cellular toxicity, lipid and protein content of H. akashiwo were studied. To measure
the toxicity of H. akashiwo, the use of yeast cells (Saccharomyces cerevisiae) as a
biological cell model was evaluated. Yeast is a commonly used, easy to maintain
bioassay species, free from ethical concerns but sensitive to a wide array of metabolic
and membrane-modulating agents (Engler et al., 1999). The majority of the research
related to operational characteristics of environmental factors have employed one-factorat-a-time (OFAT) approach where only one factor or variable is changed at a time while
keeping others fixed (Czitrom, 1999; Frey and Jugulum, 2005). The problem associated
with this approach is that it cannot quantify the interactions of factors to be taken into
account, preventing determination of optimal operating conditions. In this work, a multivariable study of key parameters on the toxicity, lipid and protein production level of H.
akashiwo was carried out using a designed experiment. A designed experiment is a more
accurate approach compared to OFAT when studying the interaction of more than one
parameter since the interaction between different parameters are estimated in a systematic
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way and a larger portion of the factor space is considered. This leads to a more precise
estimation of the response (Czitrom, 1999; Frey and Jugulum, 2005). Moreover, fewer
resources including experiments, time, and materials are required to obtain the essential
information when using a design of experiment approach (Czitrom, 1999; Montgomery,
2012; Niedz and Evens, 2016).

3.2 Materials and methods
3.2.1

Cultures

Non-axenic strain of H. akashiwo (NWFSC-513), isolated in 2010 from Clam Bay, WA,
USA, was used in this study. The stock cultures were maintained in f/2 (minus Si)
medium (Harrison and Berges, 2005), in 250 ml Erlenmeyer flask at 20 ± 1 ºC and under
a continuous light intensity of 80 ± 5 µmol photons m-2 sec-1. Experimental algal samples
were prepared from exponentially growing cultures and grown at different salinities.
Media with different ranges of salinity were prepared by adding varying amounts of NaCl
(Sigma-Aldrich, Canada) to artificial seawater (ESAW) (Harrison and Berges, 2005). The
experimental flasks were diluted to 10,000 cells ml-1 and incubated in a Panasonic
Climatic Chamber equipped with fluorescence lamps and forced air circulation. The
photosynthetic photon flux density was measured using Quantum Scalar Laboratory
(QSL) sensor (Biospherical Inc., San Diego, CA, USA). All the treatments were
performed in triplicate.
Saccharomyces cerevisiae (Merlan Scientific Ltd., Canada) was grown at room
temperature in YPD plate medium (1 % yeast extract, 2 % peptone, 2 % dextrose, 2 %
agar) (all w/v) for 15 ± 1 hours.

3.2.2

Algal samples preparation for toxicity assay

In order to measure toxicity, algal samples were given enough time to grow and reach
their stationary phase to ensure the cells were nutrient depleted and as a result more
increases the level of toxicity (Cochlan et al., 2012). Cells were collected and fractionated
to assess the location of the toxin (Figure 3.1) as follows:
-

Sample A: intact cells, viable cells and extracellular material.
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-

Sample B: ultrasonic ruptured cell suspension, was obtained by sonicating 5
mL of the culture suspension in an ice bath with a continuous output power of
9 for 1 min with a Virsonic 100 Ultrasonic Cell Disrupter (VirTis Company,
Gardiner, NY).

-

Sample C: culture supernatant, was prepared by centrifuging a 10 ml sample,
using 15 ml falcon centrifuge tubes in a Beckman GH-3.8/GH-3.8A swing-out
rotor (Beckman Coulter, Fullerton, CA) at 500 xg for 10 min at 4 °C.

-

Sample D: resuspended, sonicated pellets, were resuspended in artificial sea
water (ASW) and sonicated for 1 minute with a continuous output power of 9.
Algal sample preparation procedure is outlined in Figure 3.1.

Figure 3.1: Summary of algal samples preparation.
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3.2.3

Toxicity measurements

Samples were prepared with a cell ratio of 5 H. akashiwo cells to 1 yeast cell. Samples
were incubated at room temperature for 3 hours. A Turner Designs PhytoCyt flow
cytometer (Sunnyvale, California, USA) with associated CFlow® Plus software, version
1.0.227.5 was used to measure the number of cells and fluorescence intensity. A dualfluorescence scatter plot of fluorescence dye versus chl a was used. Each plot was
divided into four quadrants that separated the stained and nonstained cells in upper and
lower quadrant, respectively.
In order to measure the cell integrity and the percentage of dead cells, 1.5 µM SYTOX®
Green (Life Technologies, USA) was added to each sample 15 min before cell
measurement. SYTOX® Green is a high-affinity nucleic acid stain that only penetrates
into dead cells and cells with compromised permeability, binds to DNA and fluorescence
using 488 ex (nm) laser and 523 em (nm) detector (Veldhuis et al., 2001; Peperzak and
Brussaard, 2011).
The toxicity effect of each algal sample was presented as the percentage of yeast
mortality using equation (1):

Eq. (1)
The fluorochrome SYTOX® Green was employed to estimate the degree of cell
membrane permeability of yeast during treatments. The highest toxicity is expressed in
samples when the cells are the most permeable, as indicated by the greatest level of
SYTOX® Green fluorescence per cell. In addition, the SYTOX® Green fluorescence does
not overlap with autofluorescence of chlorophyll (Sato et al., 2004).

3.2.4

Sample preparation to measure total proteins and lipids

To determine the total amount of protein and neutral lipid, 10 ml of each sample adjusted
at 1×103 cell ml-1 was collected during stationary phase and centrifuged at 500 xg for 10
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min at 4 °C. The obtained pellets were frozen at -20 °C till the experiment was
performed.

3.2.5

Determination of total proteins

Extracellular, high-molecular weight allelochemicals produce by H. akashiwo are
polysaccharide–protein complexes with selectively inhibitory effect on multispecies
phytoplankton community (Yamasaki et al., 2009). To estimate the total proteins,
Bradford assay (Bradford, 1976) was used. It provides a very reproducible and rapid
method to determine the concentration of solubilized protein (Bradford, 1976) using an
acidic solution of Coomassie® Brilliant Blue dye (Bio-Rad protein assay, dye reagent
concentrate # 51558A). The protein solution was prepared by thawing the frozen cell
pellets at room temperature and diluting each sample in 300 µl ultra-pure water. An
aliquot of 10 µl of protein solution was mixed with 250 µl of the Bradford dye in a 96well plate. The plate was incubated for 5 min at room temperature for color development
and the total protein content was measured at 595 nm using Multiskan GO microplate
spectrophotometer (Thermo Scientific, USA). Total protein concentration was estimated
using Bovine Serum Albumin (BSA) standard curve, in a linear range of 0-500 µg ml-1 (
R2 > 0.99). All samples were prepared in triplicates.

3.2.6

Determination of neutral lipids

To determine the amount of neutral lipid in the samples, a Nile Red assay in a 96-well
plate was used. Nile Red (9-(Diethylamino)-5H benzo [∞] phenoxa- zin- 5-one) is a red
phenoxazone and lipid soluble dye which can be used to detect neutral lipids in vivo.
Although a very poorly fluorescent dye in aqueous solutions, it is quite photo-stable and
highly fluorescent in non-polar hydrophobic environments (Fowler et al., 1987; Chen et
al., 2011; Held and Raymond, 2011). For this purpose, 100 μl of aliquot sample was
pipetted into a black-sided clear bottomed plate and 100 μl of the Nile Red dye (1 μg/mlSigma) solution, prepared in 50 % DMSO (CalBioChem), was added. To read the
fluorescence intensity the plate was kept in the Gemini XPS microplate reader for 10
minutes at 40 °C. Fluorescence intensities were measured using 530 and 570 nm
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excitation\emission wavelengths, respectively. All assay samples were performed in
triplicate.

3.2.7

Experimental design

In order to calculate the response pattern and determine the optimal combination of
salinity, light intensity, and temperature leading to maximum toxicity, lipid, and protein
production of H. akashiwo, a central composite design (CCD) with three factors was
used. Before expanding the design to a CCD, an initial two-level full factorial design was
performed while, the highest and lowest level of each factor was chosen based on the
highest and lowest growth rates of H. akashiwo in the preliminary experiments (data not
shown). The results showed significant curvature and confirmed the significant effect of
all three parameters (data not shown). The un-coded values for each parameter were as
follows [low star point, center point, high star point]: Salinity [ 5, 17.5, 30], temperature
[15, 20, 25 ᵒC], and light irradiance [30, 140, 250 µmol photons m-2 s-1]. Design Expert
10.0.3.1 (Stat-Ease, Inc., Minneapolis, MS, USA) was used to develop the experimental
design and resulted in 14 conditions. All conditions were tested in triplicate, including
three center points. The resulting 51 conditions (8×3 factorial+6×3 augmented+3×3
center points) were fully randomized.

3.2.8

Statistical analysis

The linear regression analysis was used to fit the experimental data with a second-order
model (Eq. 2).
Eq. (2)
The experimental data were analyzed using the statistical Design Expert 10.0.3.1.
software and analysis of variance (ANOVA) with an α of 0.05 was conducted to test the
significance of each term. To evaluate the adequacy of the fitted model, the normal
probability plots, R2 and adjusted R2, and lack of fit coefficient were considered. Then
the optimal condition to obtain the maximum toxicity, lipid and protein content of H.
akashiwo was determined using the numerical optimization via Design Expert 10.0.3.1.
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In order to validate the model and optimization results, confirmation experiments were
performed around the predicted optimum points.

3.3 Results
3.3.1

Toxicity measurement in H. akashiwo

The toxicity of H. akashiwo was measured during the stationary phase when the external
nitrogen resources are depleted due to phytoplankton uptake (Cochlan et al., 2012). Intact
cells, sample A, ruptured cells, sample B, and resuspended, sonicated pellets of H.
akashiwo, sample D, showed maximum toxicity at 25 °C, salinity of 5, and light intensity
of 250 µmol photons m-2 s-1. No growth and therefore no toxin production was observed
for cells cultured at 15 °C, salinity of 5, and light intensity of 250 µmol photons m-2 s-1.
On the other hand, the maximum level of toxicity for sample C was produced when the
cell was cultured at 20 °C, salinity of 17.5, and light intensity of 140 µmol photons m-2 s-1
(Figure 3.2). A two-way ANOVA followed by Tukey post hoc test was used to evaluate
differences in toxicity. At the 0.05 level, the population means of treatment (p-value =
4.6×10-10) and temperature (p-value = 0.003) were significantly different. In addition, the
mortality presented by sample D was significantly different from the rest of sample
treatments. A significant difference was detected between 25 °C and 15 °C (p-value =
0.002), while no significant difference was observed at 25 °C and 20 °C (p-value = 0.34)
and 20 °C and 15 °C (p-value = 0.07).
Among all cell treatments, sample D, which was resuspended and sonicated, showed the
highest level of toxicity in comparison with intact cells and other sample treatments. This
suggests that the toxin of H. akashiwo isolated intracellularly and released upon cell
rupture.
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Figure 3.2: Profiles of toxicity level for H. akashiwo at (A) 25 °C, (B) 20 °C, and (C) 15
°C at different salinities and light intensities. The discrete data points are average of
triplicate measurements ± standard deviation (n=3). (N.G, conditions with no growth of
cells). Same uppercase letters indicate no significant effect for similar sample treatment
under different salinity-light regimes. Same lowercase letters indicate no significant
effect among different treatments in the same salinity-light regime. Significance tested at
p < 0.05 level.
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3.3.1.1

Determining the optimum condition for the toxicity of H.
akashiwo

To the best knowledge of authors, in almost all previous studies investigating the effect
of environmental factors on the toxicity of H. akashiwo a one-factor-at-a-time (OFAT)
approach has been employed, in which only one factor is varied at a time while keeping
others fixed. The major drawback of OFAT approach is that it fails to consider any
possible interaction between the factors (Czitrom, 1999). On the other hand, the design of
experiments (DOE) approach, in which several factors vary simultaneously, are more
efficient when studying two or more factors (Czitrom, 1999). Therefore, to investigate
the effect of various environmental factors on the toxicity of H. akashiwo using yeast cell
bioassay, the design of experiments (DOE) approach was used. The experimental
conditions were chosen based on central composite design (CCD) (23 three factors at two
levels) in combination with the response surface methodology (RSM). The actual values
of independent variables and measured responses are presented in Table 3.1.

3.3.1.2

Response surface model (RSM) validation

The complete data sets for toxicity effect of H. akashiwo for sample A, C and D were
fitted with a quadratic model as described in Eq. 2 and a 2-factor interaction (2FI) model
for sample B. The resulting model parameters and experimental input are shown in Table
3.2. The F-values for sample A, B, C, and D are 3.48, 3.10, 3.43 and 6.40 respectively,
which are higher than the critical values, thus indicating the significance of the model. pvalue was used to determine the significance of each parameter coefficient. A smaller pvalue means the coefficient has a higher significance. Temperature and salinity showed
great effect on H. akashiwo toxicity. The effect of temperature was significant in samples
A, B, and D while salinity showed a significant effect on the toxicity of sample D (Table
3.2). None of the environmental factors showed any significant effect on sample C. The
interaction of salinity and temperature, interaction of temperature and light, as well as the
quadratic effects of salinity had also significant effects on the toxicity of H. akashiwo. To
confirm the goodness of fit of the models, the coefficient of determination, R2 and a Adj.
R2 were used. R2 was 0.80, 0.63, 0.79 and 0.88 and Adj. R2 was 0.57, 0.43, 0.56 and 0.74
for sample A, B, C, and D, respectively. Adequate precision is used to measure the signal
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to noise ratio. A ratio greater than 4 is desirable. The obtained ratio for sample A, B, C
and D were 5.64, 6.89, 6.02 and 9.46 respectively indicating an adequate signal. These
models can be used to navigate the design space.
Table 3.1: The toxicity of H. akashiwo grown under conditions for central composite
design (n=3 ± SD).
S.

T. (°C)

Mortality (%)

L. (µmol
photons m-2 s-1)

S.A

S.B

S. C

S.D

5

15

30

30.0 ± 11

27.9 ± 15.3

16.4 ± 7.7

38.2 ± 15.8

5

25

30

14. 8 ± 6.1

28.4 ± 7.1

14.7 ± 4.7

47.8 ± 15.5

5

20

140

18.2 ± 7.3

8.1 ± 5.5

18.8 ± 8.3

24.1 ± 11.9

5

15

250

N.G.

N.G.

5

25

250

49.5 ± 2.04

49.02 ± 2.2

21.3 ± 1.9

89.3 ± 0.5

17.5

20

30

11.1 ± 3.8

12.7 ± 8.4

9.5 ± 5.5

54.3 ± 15.5

17.5

15

140

11.7 ± 4.5

20.4 ± 9.04

13.6 ± 7.2

47.9 ± 10.6

17.5

20

140

41.0 ± 18.2

21.1 ± 5.9

29.0 ± 6.3

72.2 ± 14.7

17.5

20

140

40.2 ± 20.2

21.5 ± 6.7

29.7 ± 7.5

73 ± 17.6

17.5

20

140

39.7 ± 15.7

20.5 ± 4.4

30.0 ± 8.2

71.6 ± 12.5

17.5

20

140

33.7 ± 17.9

21.6 ± 7.6

29.8 ± 8.4

66.9 ± 18.1

17.5

20

140

43.2 ± 11.7

23.6 ± 3.8

26.6 ± 4.4

69.9 ± 3.2

17.5

25

140

43.2 ± 6.8

27.6 ± 6.3

11.6 ± 1.9

69.9 ± 9.6

17.5

20

250

34.0 ± 14.7

16.5 ± 8.4

21.8 ± 6.1

73.2 ± 9.2

30

15

30

10.2 ± 0.8

8.4 ± 2.2

10.6 ± 1

58.6 ± 1.8

30

25

30

22.5 ± 9

13.7 ± 5.8

15.2 ± 8.4

48.8 ± 12.1

30

20

140

30.9 ± 10.5

16.0 ± 10.5

13.3 ± 6.9

72.8 ± 10.9

30

15

250

5.6 ± 4.7

14.5 ± 6.6

14.6 ± 9.2

68.3 ± 8.5

30

25

250

32.9 ± 13.5

20.2 ± 10.2

28.2 ± 11.8

73.4 ± 14.3

N.G.

Parameters: S. = Salinity; T. = temperature; L. = Light;
Experimental input: S.A = Sample A; S.B = Sample B; S.C =Sample C; S.D = Sample D; N.G. = No growth

N.G.
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Table 3.2: Analysis of variance of fitted model for different level of toxicity in H.
akashiwo.
Source

Remark

F-value

p-value

R2

Adj. R2

Adeq. precision

1=

M1 (%)

Model

S2 (A)

T3 (B)

L4 (C)

AB

AC

BC

A2

B2

C2

Sample A

S5.

N-S6.

S.

N-S.

N-S.

N-S.

S.

N-S.

N-S.

N-S.

Sample B

S.

N-S.

S.

N-S.

N-S.

N-S.

S.

Sample C

S.

N-S.

N-S.

N-S.

N-S.

N-S.

N-S.

N-S.

N-S.

N-S.

Sample D

S.

S.

S.

N-S.

S.

N-S.

S.

S.

N-S.

N-S.

Sample A

3.48

0.11

11.19

1.13

0.03

1.8E-003

7.99

1.43

0.52

2.34

Sample B

3.10

2.63

7.30

0.14

2.97

0.79

4.77

Sample C

3.43

0.34

3.84

1.14

7.8E-003

2.67

3.84

1.32

4.58

1.62

Sample D

6.40

12.42

11.16

2.63

11.07

0.99

9.25

5.14

0.52

1E-004

Sample A

0.0466

0.75

0.01

0.32

0.86

0.97

0.02

0.27

0.49

0.16

Sample B

0.0498

0.13

0.02

0.72

0.11

0.39

0.05

Sample C

0.0484

0.58

0.09

0.32

0.93

0.14

0.09

0.28

0.06

0.24

Sample D

0.0078

0.008

0.01

0.14

0.01

0.35

0.02

0.05

0.49

0.99

Sample A

0.80

Sample B

0.63

Sample C

0.79

Sample D

0.88

Sample A

0.57

Sample B

0.43

Sample C

0.56

Sample D

0.74

Sample A

5.64

Sample B

6.89

Sample C

6.02

Sample D

9.46

Mortality, 2=Salinity, 3=Temperature, 4=Light, 5=Significant, 6=Not-significant.
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Based on the selected significant variables, final equation in terms of actual factors for
each mortality can be calculated using the following equations:
Mortality (A) = - 53.3 + 6.47 × Temperature + 0.02 × Temperature × Light
Mortality (B) = + 5.38 + 1.15 × Temperature + 0.01 × Temperature × Light
Mortality (D) = - 115.78 + 8.18 × Salinity + 10.77 × Temperature - 0.21 × Salinity ×
Temperature + 0.02 × Temperature × Light - 0.01 × Salinity2
The equation in terms of actual factors can be used to make predictions about the
response for given levels of each factor.

3.3.1.3

Combined effect of salinity, light and temperature on H.
akashiwo toxicity

Response surface methodology (RSM) was used to study the interaction effect of these
three factors on the toxicity of H. akashiwo and the resulting plots are presented in Figure
3. The combined effect of light and temperature on toxicity effect of H. akashiwo on
yeast mortality, illustrated in Figures 3.3-A, 3.3-B, 3.3-C and 3.3-E. Figure 3.3-D,
indicates the combined effect of temperature and salinity on this microalga. The mortality
of yeast cells when combined with different fractions of H. akashiwo is a function of
temperature, light and salinity. The surface plots indicate that an optimum is present
within the observed design space with respect to salinity and light, and increasing the
temperature appears to increase the yeast mortality over the observed design space.

3.3.1.4

Response optimization and model validation

Based on the model, numerical optimization was used to determine the optimal
combination of process parameters to estimate the toxicity of H. akashiwo. The optimal
condition for H. akashiwo to produce the highest amount of toxin was 25 °C, a salinity of
17.5, and light intensity of 250 µmol photons m-2 s-1, warm, fresher water, and high light.
To validate the applicability of this RSM model, confirming experiments were performed
around the estimated optimal conditions. The measured and predicted results are
presented in Table 3.3. Comparing the predicated values with measured values with a t-
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test at 95 % confidence interval showed no significant difference between these two sets
of data.
The proposed RSM model can be used as a useful tool to predict the toxicity level of H.
akashiwo. To the best knowledge of authors, this is the first attempt to model the toxicity
production response of H. akashiwo under the combined effect of the three environmental
factors and their interactions simultaneously.

Figure 3.3: Surface plots of combined effect of salinity, light and temperature on toxicity
of H. akashiwo. (A) mortality for sample A, (B) mortality for sample B, (C) mortality for
sample C, (D and E) mortality for sample D.
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Table 3.3: Optimal conditions and model validation for toxicity effect of H. akashiwo on
the yeast cell viability.
Mortality (%)
S

T

L

Sample A

Sample B

Sample C

Sample D

Pre

Ex

Pre

Ex

Pre

Ex

Pre

Ex

17.3

25

246

47.7 ± 9.9

40.6 ± 10.2

32.7 ± 7.9

26.2 ± 6.8

24 ± 5.8

19.5 ± 8.3

92.5 ± 11

83.4 ± 2.4

17.1

25

244

47.8 ± 9.9

40.4 ± 3.9

33 ± 7.9

26.8 ± 1.7

24 ± 5.8

14.4 ± 10.6

92.1 ± 11

82.6 ± 1.5

17.1

25

250

47.5 ± 9.9

46.2 ± 10.8

33.3 ± 7.9

27.9 ± 10.6

23.8 ± 5.8

24.3 ± 9.1

93.1 ± 11

82.6 ± 2

S (Salinity), T (Temperature (°C)), L (Light (µmol photons m-2 s-1), Pre (Predicted value), Ex (Experimental value).

3.3.2

Lipid and protein measurement in H. akashiwo

In this study, the amount of lipid and protein were measured under different
environmental stress conditions and the results are illustrated in Figure 3.4. The
maximum production of protein was observed when the culture was grown at 20 °C, a
salinity of 30, light intensity of 140 µmol photons m-2 s-1 and the highest amount of lipid
was produced at 25 °C, a salinity of 30, and a light intensity of 250 µmol photons m-2 s-1.
No growth was observed when the cells were cultured at 15 °C, a salinity of 5, and light
intensity of 250 µmol photons m-2 s-1. In all temperature treatments, the lowest salinity
produced the lowest amount of protein and lipid while increasing the temperature,
salinity and light improved the production of both lipid and protein.
Increasing the salinity level while keeping light intensity constant, enhanced the
production of lipid and protein. For instance, the protein production increased from 72.3
± 12.5 to 298.0 ± 54.6 as the salinity increased from 5 to 30 at a light intensity of 140
µmol photons m-2 s-1 at 20 °C.
Significant differences were detected between groups for protein content at 20 and 25 °C
and lipid at all treatment temperatures (p-value <0.05).
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Figure 3.4: Total amount of protein and lipid produced in H. akashiwo under different
salinities, light intensities and temperatures. The discrete data points are average of
triplicate measurements ± standard deviation (n=3).
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3.3.2.1 Determining the optimum conditions for the maximum lipid
and protein production of H. akashiwo
To determine the optimum condition for lipid and protein in H. akashiwo, a design of
experiment (DOE) was used to investigate the effect of different factors such as salinity,
light intensity, and temperature and their interaction on the response. The experimental
data for the measured responses under the aforementioned factors were chosen based on a
central composite design and are presented in Table 3.4. All experiments were completed
in triplicates and average values ± standard deviations are presented in Table 3.4.

3.3.2.2

Response surface model (RSM) validation

The models for both protein and lipid production in H. akashiwo was fitted linearly and
the resulting model parameters are displayed in Table 3.5. The F-values for lipids and
proteins are 7.11 and 5.12 respectively. These F-values suggest the models are
significant.
In addition, the p-value less than 0.05 is considered significant for each parameter
coefficient as well. The small p-values (<0.05) for lipids and proteins (0.0039 and 0.0134,
respectively) emphasize the significance of the model. The results indicate that salinity
and temperature had a significant effect, (Table 3.5). The goodness of fit of each model
was approved by the coefficient of determination R2 and adjusted determination
coefficient Adj.R2, Table 3.5. Based on the selected significant variables, the final
equations for protein and lipid production in terms of actual factors are:
Total protein = -77.78 + 4.31 × Salinity + 7.67 × Temperature
Total lipid = -0.96 + 0.12 × Salinity
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Table 3.4: Lipid and protein production in H. akashiwo grown under conditions for
central composite design (n=3).
salinity Temperature (°C) Light (µmol photons m-2 s-1) Protein (µg ml-1) Lipid (µg ml-1)
5

15

30

52.3 ± 9.4

1.9 ± 0.1

5

25

30

130.6 ± 64.4

3.8 ± 1.2

5

20

140

72.3 ± 12.5

3.3 ± 0.5

5

15

250

N.G.

5

25

250

149.2 ± 14.4

3.6 ± 0.2

17.5

20

30

79.7 ± 23.3

2.5 ± 0.3

17.5

15

140

115.1 ± 13.9

4.8 ± 1.3

17.5

20

140

174.0 ± 29.8

5.2 ± 0.2

17.5

20

140

176.6 ± 34.9

5.6 ± 1.7

17.5

20

140

178.0 ± 31

5.1 ± 1

17.5

20

140

158.1 ± 23.4

5.0 ± 0.9

17.5

20

140

186.1 ± 39.5

5.6 ± 1.2

17.5

25

140

271.6 ± 30.8

4.5 ± 1

17.5

20

250

214.6 ± 51

4.8 ± 0.9

30

15

30

179.9 ± 70.3

4.1 ± 1.7

30

25

30

175.1 ± 67.6

5.6 ± 1.3

30

20

140

298.0 ± 54.6

4.7 ± 1.4

30

15

250

142.8 ± 35.4

6.1 ± 1.8

30

25

250

180.4 ± 21.8

6.6 ± 1.3

N.G. = No growth
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Table 3.5: Analysis of variance of fitted model for lipid and protein production in H.
akashiwo.
Temperature

Light (µmol

(°C)

photons m-2 s-1)

Significant

Not-significant

Not-significant

Significant

Significant

Significant

Not-significant

Lipid

7.11

16.45

4.03

0.84

Protein

5.12

10.16

5.15

0.046

Lipid

0.001

0.001

0.06

0.38

Protein

0.01

0.01

0.04

0.83

Lipid

0.60

Protein

0.52

Lipid

0.52

Protein

0.42

Adeq-

Lipid

8.6

precision

Protein

7

Source

Remark

F-value

p-value

R2

Adj-R2

Model

Salinity

Lipid

Significant

Protein
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The response surface plots for both lipid and protein are illustrated in Figure 3.5, where
3.5-A presents the effect of light and temperature on lipid production and 3.5-B presents
the effect of the same factors on protein production of H. akashiwo.
Increasing the temperature and salinity (Figure 3.5-A and 3.5-B) increases the lipid and
protein level linearly. However, light did not show any significant effect on the lipid and
protein production (p-value > 0.05). The highest amount of lipid and protein based on
the measured ranges for salinity, light and temperature were predicated to be obtained at
25 °C, salinity of 30, and light intensity of 250 µmol photons m-2 s-1. The model predicted
a maximum lipid production value of 6.86 ± 1.13 µg ml-1 and protein production value of
251.5 ± 53.43 µg ml-1. A lipid production value of 6.59 ± 1.26 µg ml-1 and protein
production of 180.38 ± 21.82 µg ml-1 was obtained experimentally which show a very
good agreement with the predicted results. T-test at 95 % confidence interval did now
show significant difference between the predicted and experimental values.

Figure 3.5: Surface plot of combined effect of salinity and temperature on lipid (A) and
protein (B) production of H. akashiwo.
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3.3.3

Relation between growth, yield, and cell permeability with
toxicity, lipid, and protein production

Correlating the specific growth rate, yield and cell permeability (data presented in chapter
2) with toxicity effect of H. akashiwo for intact cells (sample A), and resuspended pellets
(sample D), showed the specific growth rate was inversely related to toxicity for both
intact and lysed cells, (Figure 3.6-A). In addition, for the same cell biomass the toxicity
level in sample D was greater than sample A, suggesting that the toxin of H. akashiwo is
located in cell cytosol or attached to membranes and rupturing the cells helped to release
the toxin.
A weak positive relation was detected between cell permeability and the mortality of
yeast cells (Pearson’s r = 0.44), (Figure 3.6-C). While Ikeda et al. (2016) proposed that
cell permeability was a proxy of H. akashiwo toxicity, a comparison of the yeast toxicity
with cell permeability indicates otherwise (Figure 3.6-C). Here, highly permeable cells
expressed same of the lower levels of toxicity and cells with the lowest permeability
ranged equally from non-toxic to toxic given our present understanding that the toxic
metabolites are released on lysis. The cell permeability hypothesis seems logical but
ultimately unsubstantiated.
As can be seen in the plots in Figure 3.7, as the cellular toxicity increased, the total
amount of protein and lipid production by H. akashiwo improved gradually in cells. A
strong correlation was not detected between lipid and protein production with mortality
of yeast cells. However, lysing the cell membrane and using the intracellular fraction of
H. akashiwo (sample D) showed an enhanced liberation of toxin(s) from H. akashiwo and
a better correlation to cell composition of lipid and protein relative to the intact cells
(sample A) (Pearson’s r = 0.7).
A second prevalent hypothesis is that phytotoxins, in this case individual toxins, are
produced based on changes in cell elemental or biochemical stoichiometry (Van de Waal
et al., 2014). This has been proposed for H. akashiwo (Yamasaki et al., 2009) or P.
parvum (Graneli, 2006) (both fish-killing species). Here, the weak correlation between
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cell composition of lipids and proteins and toxicity of intact cells (sample A) (Figure 3.7)
would argue against the hypothesized stoichiometry model.
Inspection of plots representing the relationship between H. akashiwo growth rate, yield,
and total lipid and protein content in Fig. 3.8-A, B reveals that when yield and specific
growth rate increased, so did protein production and lipid, however, protein production
showed a stronger correlation (Pearson’s r > 0.8) compared to lipid (Pearson’s r = 0.6). A
negative weak correlation was detected between lipid and protein and cell permeability
(Figure 3.8-C).
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Figure 3.6: Correlation data between the mortality of yeast cells (%) with H. akashiwo
toxin and specific growth rate (ke) (A), yield (B) and cell permeability (C) (n=3).
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Figure 3.7: Correlation data between toxicity level and lipid (A) and protein (B) content
of H. akashiwo.
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Figure 3.8: Relationship between H. akashiwo growth rate (A), yield (B), and cellular
permeability (C) and total lipid and protein content.
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3.4 Discussion
The results demonstrate two things: First, yeast cells can be used as an appropriate proxy
to measure H. akashiwo toxicity. The results can be collected in a short period of time in
comparison with the routine toxicity measurement assays, a small volume is required to
measure the toxicity, therefore time, and resources; Second, the design of experiment
(DOE) approach could predict a better understanding of the interaction between multiple
stressor factors on H. akashiwo under realistic environmental conditions. This will allow
us to predict the impact of various environmental parameters on the occurrence and
degree of toxicity of H. akashiwo, crucial to the environment, aquaculture facilities, and
public health.

3.4.1

Toxicity measurement in H. akashiwo

Measuring the level of toxicity in H. akashiwo is a complicated process, as the research
community has not accepted a single measurable criterion. The common acceptance is
that blooms of H. akashiwo when encountering caged fish or embayments of fish will
quickly, and effectively, kill off the fish leaving floating carcasses. Necropsies of
terminated fish reveal the fish have a combination of skin lesions, mucus on the gill
surface, and symptoms of asphyxiation (Chang et al., 1990). H. akashiwo cells are also
embedded in the lesions and gill mucus but there is a cause-and-effect debate. H.
akashiwo as the most abundant phytoplankter would accumulate at these locations afterthe-fact and may not be the causative agent. The debate continues.
There are attributes of H. akashiwo that are shared by other fish-killing flagellates and
generally absent in non-fish-killing flagellates. For example, H. akashiwo has a
pronounced ability to produce and excrete ROS (reactive oxygen species) (Yang et al.,
1995; Twiner and Trick, 2000), produces copious glycoproteins (Yamasaki et al., 2009),
hemolytic agents (Ling and Trick, 2010), and there is a persistent report of a
“brevetoxin”-like compound (Khan et al., 1997; Ono et al., 2000). Brevetoxins (PbTxs)
are a group of polyether lipid-soluble toxins produced by a marine dinoflagellate known
as Karenia brevis (Poli et al., 1986). Brevetoxins compounds are based on two different
ladder frames, PbTx-2 (brevetoxin B) and PbTx-1 (brevetoxin A) which lead to gill
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damage or cardiac disorders due to binding to and persistent activation of voltagesensitive sodium channels in cell membranes (Poli et al., 1986; Endo et al., 1992; Khan et
al., 1997; Jeglitsch et al., 1998; Baden et al., 2005).
Early work by Twiner et al. (2004, 2005) identified a brevetoxin-like compound. The
putative toxin was a polyether, with a mass of 850-1000 daltons, was water soluble and
had a neurotoxic potential in cell models. This compound was not constitutively
produced by the cell but expressed at higher levels when growth slowed, and cells were
ever energetically limited (by iron limitation, for example, when photosynthesis and the
electron system were impaired). The key difference with the well-established brevetoxin
was that the compound did not impair Na+ transport but rather Ca+2 in cell line
assessments and the compound was most effective when ROS products were present in
the medium.
Without an ability to measure the toxin, alternate approaches have been taken. Unique
processes that correlate to the production of “toxicity” have been employed: hemolytic
activity, gill cell degeneration, cell wall permeability, brine shrimp, neurological damage,
developmental damage to zebra fish embryo. There is support and criticism of the use of
each surrogate test and we search for a more universal assay. Here we evaluated the use
of a simple yeast toxicity bioassay which is a sensitive indicator to the toxin produced by
H. akashiwo. The results identified the maximum yeast cells mortality at the highest
extreme temperature in this experiment, 25 °C, followed by 20 °C, which is in agreement
with previous studies in which unialgal cultures of H. akashiwo isolated from Salish Sea,
USA (Ikeda. Et al., 2016), and Seto Inland Sea, Japan (Ono et al., 2000) were used. Using
gill cell lines, the average toxicity for unialgal cultures was detected at 24.4 °C and 27.8
°C, however, in contaminated samples with diatom the highest toxicity was observed at
14.7 °C (Ikeda. Et al., 2016). The Japanese strain of H. akashiwo reveled the highest
toxicity at 20 °C, using 5 to 6 months old juvenile red sea bream (Pagrus major) for
toxicity measurement (Ono et al., 2000). Based on these data, it is clear that warmer
temperatures enhance the toxicity effect of H. akashiwo on yeast cells.
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Light is another major environmental parameter with the ability to affect the growth and
toxicity of H. akashiwo (Ono et al., 2000; Martinez et al., 2010). Our findings showed
that increasing the light intensity to 250 µmol photons m-2 s-1 enhanced the toxicity of H.
akashiwo cells as well as yeast mortality (Figure 3.3). The mortality of the red sea bream
(Pagrus major) increased dramatically at a high light intensity after they were exposed to
H. akashiwo, while decreased in the dark and at a low light intensity (Ono et al., 2000).
Similar results were observed for yellowtails (Seriola quinqueradiata) after they were
exposed to C. marina. Their mortality significantly increased in light, while it decreased
in the dark (Ishimatsu et al., 1996b). Ling and Trick (2010), suggested that the hemolytic
activity of H. akashiwo, as a proxy for measuring toxicity, is light dependent and the
highest hemolytic activity was detected at a light intensity of 100 µmol photons m-2 s-1.
Therefore, light intensity appears to play a crucial role in regulating the toxicity of
various species of raphidophytes; however, fish kill mechanism by light is not well
understood and further investigations are required. This suggests that, toxin production
may be stimulated by high light intensity (Ling and Trick, 2010). Our results showed that
the interaction effect of light and temperature was significant on the mortality of yeast
cells when they were exposed to intracellular fraction of H. akashiwo (sample D).
However, light, as an individual factor, did not show a significant effect on the mortality
of yeast cells (Table 3.2).
Another reported factor with a positive impact on the ichthyotoxicity of H. akashiwo was
salinity. It has been reported that, a decrease in salinity level could increase the toxicity
level of H. akashiwo (Haque and Onoue, 2002; Strom et al., 2013; Ikeda et al., 2016). In
a Japanese strain the highest toxicity was observed at a salinity of 20 after culturing for
10 days (Haque and Onoue, 2002). The toxicity of an American strain was reported to
increase as the salinity decreased to below 20 (Strom et al., 2013). Ikeda et al. (2016),
stated that the highest toxicity in uncontaminated cultures was observed when the salinity
reduced from 20 to 10 for an American strain of H. akashiwo as well. These results are in
agreement with the results obtained in this study and the low salinity presented the
highest amount of toxicity. Salinity had a significant effect on the mortality of yeast cell
as an individual factor and also when it interacted with temperature for intracellular
fraction sample of H. akashiwo (Table 3.2). This highlights that little is known about the
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multiple stressors effect on the toxicity of H. akashiwo. Our results found evidence for
the interaction effect of multiple environmental stressors on the toxicity of H. akashiwo.
Another promising finding was that the model predicted that sample D, the intracellular
fraction (ultrasonic ruptured cell suspension) from H. akashiwo cells, would produce
potent mortality in yeast cells compared to other treatment samples with the same cell
density. This agrees with OFAT data as well. Based on the obtained data, the toxin(s) are
released upon cell damage. Therefore, it is crucial to make sure the qualities of all
sonicated suspensions are similar in terms of cell lysis.
Previously a strong positive correlation was reported between cytotoxicity and cellular
permeability of American strain of H. akashiwo (Ikeda et al., 2016). However, we did not
detect a strong correlation between these two parameters (sample D, Pearson’s r > 0.45)
(Figure 3.6-C). A possible reason for different observations could be linked to the fact
that Ikeda et al. (2016) used rainbow trout gill cell line (RTgill-W1) to measure toxicity
while we employed yeast cells with a more complex cell wall.

3.4.2

Lipid and protein measurement in H. akashiwo

Lipid and protein are two main components with varying percentages and control major
functions in any cell including H. akashiwo. The isolated hemolytic and allelopathic
compounds from raphidophytes, as proxies for toxicity measurement, were categorized as
lipid and protein, respectively (Fu et al., 2004; Kuroda et al., 2005; Yamasaki et al., 2009;
Ling and Trick, 2010; Mohamed and Sheheri, 2012). Van de Waal et al. (2014) reported
that the produced toxins by phytoplankton are stoichiometrically diverse, ranging from
N-rich to C-based cellular elemental ratios. The carbon, nitrogen, and phosphorous ratios
affect and reflect the content of major biochemicals including proteins and lipids.
In this study, we measured the lipid and protein content of the cells using Nile Red assay
and Bradford assay colorimetric methods, respectively. We identified, the highest amount
of lipid and protein with a same cell density was produced at maximum temperature,
salinity, and light intensity used in this study (Figure 3.4 and 3.5). Lipid production was a
function of salinity; however, protein production was a function of salinity and
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temperature. No interaction effect between the aforementioned environmental factors was
observed for these two compounds. Light intensity did not show a significant effect on
the production of lipid and protein in this study, but it is an essential parameter to convert
CO2 and nutrients to organic compounds such as lipid and protein in primary producers
(Van de Waal et al., 2014).
The results in this study showed a weak correlation between the cell composition of lipid
and protein in intact cells versus yeast mortality (Figure 3.7, sample A). It was observed
when cells were centrifuged and sonicated, their intracellular fraction showed a better
correlation. This implies enhanced liberation of the toxin(s) from H. akashiwo by lysing
the cell membrane.
The hemolytic compounds isolated from other raphidophytes such as Fibrocapsa
japonica (Fu et al., 2004) and C. marina (Kuroda et al., 2005) have been identified as
polyunsaturated fatty acids (PUFAs) either present as free acids, phospholipids or
glycolipids, and may be the primary causative substances in fish mortalities (Fu et al.,
2004). H. akashiwo hemolytic agents have not been isolated yet but it was suggested that
these hemolytic agents may be PUFAs and released upon cell lysis (Ling and Trick,
2010). A strong correlation was detected between temperature and a reduction in the
proportion of n-3 long-chain polyunsaturated fatty acid (LC-PUFA) and an increase in
omega-6 fatty acid and saturated fatty acid in different species of phytoplankton (Hixson
and Arts, 2016). Further investigation is required to elucidate the lipid compositions in H.
akashiwo.
Under nutrient limited conditions, additional energy and newly synthesized organic
carbon cannot be used by the phytoplankton cells for their growth, instead, they can be
converted into C-rich molecules such as lipid (Van de Waal et al., 2014). Nitrogen
deficiency and temperature cause a high-level cellular accumulation of neutral lipids in
H. akashiwo (Fuentes-Grunewald et al., 2012). The net neutral lipid production per cell in
H. akashiwo was 30 % higher when cells were cultured at 25 °C, 330 µM NaNO3 in
comparison with cultures grown at 20 °C, 880 µM NaNO3. Our findings showed that the
lipid production of H. akashiwo was enhanced as the temperature increased but it was not
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significant. The highest level of lipid was produced when cells were in their stationary
phase and nitrogen depletion happened (Cochlan et al., 2012; Fuentes-Grunewald et al.,
2012).
High molecular weight allelochemicals produced from H. akashiwo were identified as
polysaccharide-protein complexes (APPCs) (Yamasaki et al., 2009). In a mix culture of
H. akashiwo and diatom Skeletonema costatum, which is a major competitor of H.
akashiwo, the produced APPCs functioned as glycoproteins and bound to the cell surface
of Skeletonema costatum and induced an allelopathic effect which inhibited the growth of
this diatom (Yamasaki et al., 2009). Based on our results, a strong correlation was not
detected between protein production and mortality of the yeast cells. However, the
intracellular fraction of H. akashiwo showed a better correlation compared to intact
samples. These findings emphasize that, damaging the cell membrane improved the
toxicity effect of H. akashiwo.

3.5 Conclusions
The toxicity of H. akashiwo is not constitutive but related to the conditions of growth.
Scientific combinations of multiple environmental factors including salinity, temperature
and light on the optimum conditions lead to maximum cellular toxicity. The obtained data
showed that DOE approach can be used as an appropriate method to evaluate the effect of
various parameters such as temperature, salinity and light on the toxicity of H. akashiwo.
The condition at which H. akashiwo reaches the highest level of toxicity, 25 °C, salinity
of 17.5, and light intensity of 250 µmol photons m-2 s-1, represent the warm water mixing
with lower salinity river input. These findings are consistent with environmental reports
that correlate warm summers with extensive run off as the conditions of greatest concern
to aquaculture facilities (Rensel, 2007).
The results also revealed that the yeast bioassay was a highly sensitive indicator of the
toxicity of H. akashiwo. The small volume of sample was required and the ability to
perform the test in a short period of time make this method convenient and saves
resources and money. In addition, a large number of samples, which are easy to prepare,
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can be tested simultaneously. Using different fractions of H. akashiwo cells to measure
toxicity suggested that the H. akashiwo toxin is located in the cellular compartment of
cells and rupturing cells with a centrifuge and sonicating the resuspended pellets released
more toxin and increased the mortality level of yeast cells. However, there is no standard
analytic or method of toxicity to compare the yeast model to fully establish its suitability
as a toxicity proxy.
Surprisingly, based on the prevalence of the stoichiometry model of toxin regulation
(Van de Waal et al., 2014), toxicity correlated poorly with the cell composition. The
warmer water temperature with high salinity input lead to maximum cell composition of
protein and lipid.
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Chapter 4

4

Regulation of toxicity of the fish-killing flagellate,
Heterosigma akashiwo, under proposed climate
conditions.

4.1 Introduction
The presence of harmful algal blooms (HABs) has been reported frequently in the past
decades. This increase has been associated with climate change and accelerated
eutrophication from domestic, industrial and agricultural wastes (Hallegraeff, 1993;
Anderson et al., 2002; Gilbert et al., 2005; Hallegraeff, 2010; Wells et al., 2015). The
ecological and socioeconomic consequences of HABs on the coastal marine resources are
inevitable and can threaten human health through shellfish poisoning and respiratory
illness (Nixon, 1995; Garcia Camacho et al., 2007; Brading et al., 2011; Lewitus et al.,
2012; Branco et al., 2014). Based on the historical cyst records of red tides in the Pacific
and Atlantic regions of Canada, climate change has been reported as the major factor to
stimulate HABs (Mudie et al., 2002). Increase in the atmospheric and surface water
temperature alters seasonal patterns with longer duration of summer time (Wells et al.,
2015). This trend impacts the growth and bloom development of phytoplankton and
seems to have a major effect for HAB dominance (Eppley, 1972; Raven and Geider,
1988). Moreover, the effects of temperature on the growth (Eppley, 1972), swimming
speed (Kamykowski and McCollum, 1986), germination (Yamochi and Joh, 1986) and
chemical transformations and transport processes (Raven and Geider, 1988) of
phytoplankton have been reported.
Climate change can affect the rate of evaporation, re-distribution of the patterns of
rainfall, and meltwater input into the oceans which in turn may affect the salinity level in
oceans (Beardall et al., 2009). As evaporation rate in subtropical oceans increases so does
the salinity level. However, in intertropical convergence zone near the Equator, salinity
is proportional to the specific humidity of the near-surface air and decreases as the
humidity increases (Nilsson and Körnich, 2008). This trend is also expected in higher
latitudes due to increased ice-melt (Beardall et al., 2009; McPhee et al., 2009). Different
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species of algae are able to tolerate various ranges of salinity to grow (Singh and Singh,
2015).
The most profound change is that atmospheric CO2 level has increased dramatically since
pre-industrial time in the late eighteenth century, from 280 ppm to 407 ppm in August
2017 (NOAA, 2017). But the atmospheric levels of CO2 is only part of the environmental
issue. About one-half of all CO2 released to the atmosphere is relatively quickly
solubilized into the surface ocean (Caldeira and Wickett, 2003; Raven et al., 2005)
leading to ocean acidification (IPCC, 2013). The amount of carbon contains in the oceans
and the organisms they support is about 38000 GTC which is about 95% of all the carbon
present in the oceans, atmosphere and terrestrial system (Raven et al., 2005). The pH
level of surface waters may decrease by ~ 0.4 pH units by the end of the century
(Caldeira and Wickett, 2003; Feely et al., 2004). This alteration in pH has already been
recorded in same areas of the ocean such as the ecologically important Eastern Boundary
Upwelling Systems (EBUS) (Feely et al., 2008). The consequence of the reduced pH
remains debatable. Certainly, organisms with calcium carbonate exoskeletons (pteropods
for example) show deformities that impair survival (Kleypas et al., 2005) and larval
stages of many invertebrates are impacted (Kleypas et al., 2005), but the impact on
phytoplankton is not established. Wells et al., (2015) suggest that with regards to the
specific group of phytoplankton, the toxic and harmful algae, it is completely unknown if
these groups will be more frequent, more prolonged or more toxic, under the new ocean
regime. However, it has been reported that pH reduction can influence phytoplankton’s
cell metabolism by affecting enzyme activity, transmembrane potential, energy input
(Beardall and Raven, 2004; Giordano et al., 2005), and motility (Manson et al., 1977)
which may affect the nutrient uptake (Hallegraeff et al., 2012). Since HABs is a social
construct and not a group of physiologically similar species each HAB species or groups
must be consider independently.
One group of HABs that has become more prevalent over the last two decades is the fish
killing flagellates. Included in this group are raphidophytes such as Heterosigma
akashiwo, a golden-brown, euryhaline species with a broad salinity tolerance affect
coastline benthic and fish species. The harmful algal blooms of H. akashiwo have been
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reported to cause a massive fish and invertebrate mortality in coastal waters (Edvardsen
and Imai, 2006). The life cycle of this species has two distinct benthic overwintering
stages known as vegetative cells and resting cysts (Smayda, 1998) which differ in shape,
size, and colour (Itakura et al., 1996). Increasing the temperature up to 12 °C and light
intensity up to 20 µmol photons m-2 sec-1 activated H. akashiwo resting cells to transform
from the benthic stage to active and mobile stage (Tobin et al., 2013).
H. akashiwo, is broadly affected by all three environmental changes- temperature,
salinity, and CO2. The maximum growth of different strains of H. akashiwo was reported
when they grew at temperatures more than 20 °C (Ono et al., 2000; Fu et al., 2008;
Martinez et al., 2010; Ikeda et al., 2016). In addition, increasing the CO2 level from
present day average atmospheric concentrations to more than 700 ppm which is the
projected mean concentration for the year 2100 (IPCC, 2013), has revealed an
enhancement in the growth rate of isolates of H. akashiwo (Fu et al., 2008; Xu et al.,
2010; Kim et al., 2013). However, the impact of the combination of these three factors on
the growth and toxicity of this species has not been established.
H. akashiwo can tolerate a broad range of salinity to survive, swim, grow and form the
bloom (Haque and Onoue, 2002; Bearon et al., 2006; Strom et al., 2013; Ikeda et al.,
2016). Alteration in cell membrane permeability of H. akashiwo may be a mechanism to
reduce the stress associated with turgor pressure due to salinity reduction (Ikeda et al.,
2016). Severe blooms of H. akashiwo were observed in English Bay, Vancouver, when
the temperature reached 15 °C and salinity dropped to 15 due to high runoff from the
Fraser River, as a result of a high level of snow in winter (Taylor and Harrison, 2002).
In this study, the combined effect of temperature, salinity and CO2 level on the growth,
yield and cellular permeability of H. akashiwo was investigated. To reach this goal, the
design of experiment (DOE) approach was used instead of the routine one-factor-at-atime (OFAT) approach (Chapter 2). The DOE approach is a more effective method to
determine the simultaneous impact of two or more factors on a response (Czitrom, 1999).
This approach improves the accuracy of estimates of the effects of each factor resulting in
higher-quality information. Furthermore, it can systematically estimate the interaction
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between factors (Czitrom, 1999; Niedz and Evens, 2016). This is the first attempt to find
the optimum conditions for the maximum growth, yield and cell permeability of H.
akashiwo under various levels of temperature, salinity and CO2 concentration, using
design of experiment (DOE) approach.

4.2 Materials and methods
4.2.1

Culture of microalgae

Unialgal H. akashiwo (NWFSC-513) was isolated from Clam Bay, WA, USA in 2010
and maintained in f/2 (minus Si) medium complemented by artificial seawater medium
(ESAW) (Harrison and Berges, 2005) in 250 ml flask at 20 ± 1 ºC and under a continuous
white fluorescent light intensity of 80 ± 5 µmol photons m-2 sec-1.

4.2.2

Experimental process

All experimental glassware was washed and rinsed with distilled water, decontaminated
overnight in 1 % (V/V) HCl solution and followed by three rinses in ultra-pure water
again.
To prepare media with different ranges of salinity for the experiment, calculated amounts
of NaCl (Sigma-Aldrich, Canada) were added to artificial seawater (ESAW) (Harrison
and Berges, 2005).
The cells were grown until they reached mid-exponential phase at different salinity
ranges and diluted to 10000 cells ml-1 in each experimental Pyrex tube (Corning, USA).
Each tube was covered with a high-purity silicone stopper (Cole-Parmer) containing one
inlet for gas and two outlets for sampling and release of negative pressure (Figure 4.1-B).
Tubes were held in place on the surface of the tank using styrofoam sheets. The
temperature was adjusted using refrigerated/heating circulating baths (VWR, Canada)
and also measured manually three times a day using Traceable™ Waterproof
Thermometer (Fisher ScientificTM). The light intensity was adjusted at 250 ± 10 µmol
photons m-2 sec-1 and measured by Quantum Scalar Laboratory (QSL) sensor
(Biospherical Inc., San Diego, CA, USA). The gas cylinders were purchased from Praxair
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Canada Inc. CO2 gas was bubbled through a 0.45 µm syringe filter for 5 minutes daily
before sampling. The final setup is shown in Figure 4.1.

Figure 4.1: Experimental set up (A), experimental tube (B).

4.2.3

Growth analysis

To measure the cell density, 0.5 ml aliquot of each sample was collected every 24 ± 1
hours, and the number of cells in 30 µl subsample was counted using Turner Designs
PhytoCyt flow cytometry (BD Bioscience, San Jose, CA, USA). A CFlow® Plus
software, version 1.0.227.5 was used to measure cell density using a bivariate scatter plot
of forward-scattered (FSC) versus chl a. The population of H. akashiwo was gated and
the cell density (cells ml-1) was calculated using Eq. 1.
Eq. (1)
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where

is the cell number in the gated area and

is the total volume (µl) of subsample.

The specific growth rate (Ke) was calculated during the exponential growth phase for
each sample, during which the rate of cell growth increases per unit of time, using the
following equation (Guillard, 1973).

Eq. (2)
where N0 and Nt are cell concentrations (cells ml-1) over (tt-t0) period.
Doublings per day (k) was calculated by applying:

Eq. (3)
Yield was determined by using the average of the three highest cell densities at the end of
exponential and beginning of the stationary phase.

4.2.4

Cell permeability analysis

Alterations in the permeability of the cell membrane indicate to measure changes in the
cell membrane of H. akashiwo under defined stress conditions, fluorochrome SYTOX®
Green (S7020; Invitrogen, Grand Island, NY, USA), was used. SYTOX® Green binds to
cellular nucleic acids in the cells that have lost their membrane integrity (Brussaard et al.,
2001). A 50 µM working solution of SYTOX® Green was prepared and stored at -20 °C
until it was used. The background fluorescence of cells was determined using Lugol’s
iodine solution (0.5 % (v/v) final concentration) and 30 µl subsample was measured
immediately by flow cytometer at the same excitation and emission of SYTOX® Green
(Ex: 488 nm, Em: 523 nm). SYTOX® Green (0.6 µM final concentration) was added to
the unstained samples and 30 µl subsample was measured after 15 minutes incubation in
the dark at room temperature. The final result obtained after subtracting the background
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from samples, dyed with SYTOX® Green, and the average cellular-bond of SYTOX®
Green was reported in exponential and stationary phases as cell permeability.

4.2.5

Design of experiments

To identify the most important factors affecting the growth rate, doublings per day, yield
and cellular permeability of H. akashiwo, full factorial design (FFD) was used. Factorial
design can be used to test differences between various levels of each factor and the
interaction between the parameters. The factors are interdependent if interaction is
observed between two or more factors. Therefore, any changes in the level of one factor
can affect the other factors related to the specific response (Yi et al., 2011). In this study,
a two-level full factorial design with addition of three center points for evaluating the
curvature was performed. The two-level factors were coded as ‘high’ and a ‘low’ level or
‘+1’ and ‘-1’, respectively, Table 4.1.
After a screening of the factors with the factorial design for all aforementioned responses,
to achieve the highest amount of growth, doublings per day, yield and cell permeability in
H. akashiwo, a central composite response surface methodology (RSM) was employed
(Bezerra et al., 2008). Response surface methodology is a combination of mathematical
and statistical procedures established the fit of a polynomial equation to the experimental
data, defining the behavior of a data set with the objective of making statistical previsions
(Bezerra et al., 2008). The quadratic polynomial model for evaluating the interaction
between the different experimental variables presents the following terms:
Eq. (4)
where β0 is the constant parameter, k is the number of variables, xi and xj are the design
variables in coded values, βi, βii, and βij are the coefficients of linear parameters,
coefficients of quadratic parameters, and interaction parameters, respectively.
Design Expert 10.0.3.1 (Stat-Ease, Inc., Minneapolis, MS, USA) was used to create and
analyze the experimental data. Analysis of variance (ANOVA) was used to analyze the
significance of the fit of the empirical model (Welham et al., 2015a). The significance
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level of 0.05 was considered to establish the statistical significance in each parameter, the
interaction, and quadratic effect parameters. All conditions were tested in triplicate.
Table 4.1: Experimental ranges and levels of the factors used in the factorial design.
Factor

Coded symbol

Temperature (°C)

Values of coded levels
-1

0

+1

X1

15

20

25

Salinity

X2

10

20

30

CO2 level (ppm)

X3

400

550

700

4.3 Results
4.3.1

Heterosigma akashiwo growth rates

Profiles of specific growth rate (Ke) and doublings per day (k) for H. akashiwo at three
different temperatures of 25 °C, 20 °C, and 15 °C, and different salinity and CO2 levels
are presented in Figure 4.2. Increasing temperature from 15 to 25 °C improved growth
rate and doublings per day. Inspection of the first graph in Figure 4.2 at 25 °C reveals that
at a constant salinity, increasing the CO2 level resulted in a decrease in growth and
doublings per day.
At 20 °C, varying the CO2 level and salinity did not result in a significant change in
growth rate and doublings per day. Although samples grown at 15 °C showed the lowest
growth rate and doublings per day among all temperature treatments, similar to 20 °C, no
significant difference was observed among different conditions.
After running one-way analysis of variance (ANOVA) with Tukey post hoc test, a
significant difference was observed between 15 °C compared to 20 °C and 25 °C with a
p-value of 0.001 and 0.003, respectively for both specific growth rate and doublings per
day, while no significant difference was observed between 20 and 25 °C (p-value = 0.92).

126

Figure 4.2: Profiles of specific growth rate (Ke) and doublings per day (k) for H.
akashiwo at 25 °C, 20 °C and 15 °C at different salinities and CO2 levels. The bar chart
represents the specific growth rate (Ke) (d-1) and scatter graph (■) illustrates the
doublings per day (k) (d-1). The discrete data points are average of triplicate
measurements ± standard deviation (n=3).
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4.3.1.1

Response surface modeling validation for growth rate

To investigate the effect of three factors, namely temperature (°C), salinity, and CO2 level
(ppm), on the growth of H. akashiwo, a total of 19 experiments were performed based on
three-factor two-level full factorial design with center points, (Table 4.2).
ANOVA was performed in order to calculate whether the factors were statistically
significant or not. The results for both responses are listed in Table 4.3. The results
suggest that the model for both responses were significant (F-value = 31.76 and p-value <
0.0001) and could be fitted based on 2 factor interaction (2FI). In this case, temperature,
CO2 level and the interaction of both parameters are significant model terms with a pvalue of <0.0001 and 0.0010, for growth rate and doublings per day, respectively. The
impact of the other factor (salinity) and interactions (X1X2 and X2X3) were negligible.
The goodness of fit of the model was defined by the coefficient of determination Rsquared (0.9454) and adjusted determination coefficient Adj. R-squared (0.9157)
(Welham et al., 2015b). The coefficient of determination (R2) can be varied between 0
and 1, however a closer fit of the model to data was obtained when the number was close
to 1 (Welham et al., 2015b). To measure the signal to noise ratio for navigating the
design space, adequate precision was used. A ratio greater than 4 is desirable. In this
case, a ratio of 17.80 indicates an adequate signal to noise ratio for navigating the design
space.
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Table 4.2: Experimental design table for the factors and responses (n=3 ± standard
deviation).
Run
order

Coded values of factors
Temperature
(°C)

Salinity

Responses
CO2 level

Specific growth

Doublings per day

(ppm)

rate (Ke) (day-1)

(k) (day-1)

0.17 ± 0.05

0.24 ± 0.08

1

-1

-1

-1

2

+1

+1

+1

0.5 ± 0.05

0.71 ± 0.08

3

-1

-1

+1

0.12 ± 0.04

0.17 ± 0.06

4

-1

+1

-1

0.16 ± 0.04

0.24 ± 0.05

5

0

0

0

0.36 ± 0.05

0.52 ± 0.08

6

-1

+1

+1

0.19 ± 0.04

0.27 ± 0.06

7

+1

-1

+1

0.3 ± 0.10

0.43 ± 0.14

8

0

0

0

0.35 ± 0.08

0.51 ± 0.12

9

+1

+1

-1

0.78 ± 0.23

1.13 ± 0.33

10

+1

-1

-1

0.79 ± 0.15

1.13 ± 0.22

11

0

0

0

0.36 ± 0.05

0.52 ± 0.08

12

-1

0

0

0.17 ± 0.03

0.25 ± 0.05

13

0

0

0

0.4 ± 0.10

0.57 ± 0.14

14

0

-1

0

0.29 ± 0.04

0.42 ± 0.05

15

0

0

0

0.45 ± 0.07

0.65 ± 0.10

16

0

0

-1

0.45 ± 0.12

0.64 ± 0.17

17

0

0

+1

0.45 ± 0.10

0.65 ± 0.14

18

+1

0

0

0.59 ± 0.05

0.85 ± 0.08

19

0

+1

0

0.38 ± 0.05

0.55 ± 0.08
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After eliminating insignificant parameters, the model for the growth rate and doublings
per day of H. akashiwo in terms of actual factors is as follows:
Specific growth rate (Ke) = -1.25 + 0.105 × Temperature + 1.53E-003 × CO2 level
- 1.26E-004 × Temperature × CO2 level
Doublings per day (k) = -1.80 + 0.152 × Temperature + 2.208E-003 × CO2 level -1.82E004 × Temperature × CO2 level
Based on the obtained mathematical model, it was observed that temperature and CO2
level had significant positive effect on growth rate and doublings per day, while the
interaction of both factors showed a negative effect on similar responses.
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Table 4.3: ANOVA results for specific growth rate (Ke) and doublings per day (k) of H.
akashiwo.
Source
Model
X1
X2
X3
X1X2
X1X3
X2X3
Rsquared
Adj. Rsquared
Adeq
precision

p-value

Remark

Sum of squares

df

Mean square

F- value

Ke

Significant

0.61

6

0.10

31.76

<0.0001

k

Significant

1.28

6

0.21

31.76

<0.0001

Ke

Significant

0.46

1

0.46

141.18

<0.0001

k

Significant

0.95

1

0.95

141.18

<0.0001

Ke

0.012

1

0.012

3.70

0.0808

k

0.025

1

0.025

3.70

0.0808

Prob>F

Ke

Significant

0.064

1

0.064

19.87

0.0010

k

Significant

0.13

1

0.013

19.87

0.0010

Ke

2.160E-003

1

2.160E-003

0.067

0.430

k

4.497E-003

1

4.497E-003

0.67

0.4304

Ke

Significant

0.072

1

0.072

22.21

0.0006

k

Significant

0.15

1

0.15

22.21

0.0006

Ke

9.470E-003

1

9.47E-003

2.94

0.1146

k

0.020

1

0.020

2.94

0.1146

Ke

0.9454

k

0.9454

Ke

0.9157

k

0.9157

Ke

17.800

k

17.80
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The comparison between the predicted values and the actual data are shown in Figure 4.3.
The plots suggest that the predicted responses are in reasonable agreement with
experimental data and the points of all predicted and actual responses exhibit random
scatter about the 45° line. A similar trend was observed for both specific growth rate and
doubling per day.

Figure 4.3: Comparison of actual and predicted values of specific growth rate (Ke).

4.3.1.2

Main and interaction influence of factors for growth rate

Response surface methodology was used to investigate the impact of three
aforementioned factors and their interactions. The three-dimensional surface plots of the
combined effect of temperature and CO2 level on the specific growth rate and doubling
time per day at a constant value of the other independent variable (salinity) are shown in
Figure 4.4-A and Figure 4.4-B, respectively. Based on the three-dimensional surface
plots, growth rate and doublings per day are functions of both temperature and CO2 level.
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The plots indicate that the effect of temperature is more distinct compared to CO2 level.
The interaction between temperature and CO2 level also plays a major role in the
response surface model.

Figure 4.4: Surface plot of combined effect of temperature and CO2 level on H.
akashiwo (A) specific growth rate (Ke) and (B) doublings per day (k).

Based on the empirical model function and the modeling surfaces, the factor setups for
maximum specific growth rate (Ke) and doublings per day (k) were predicted and
experiments to estimate the results predicted by the model were performed, Table 4.4. Ttest at 95 % confidence displayed no significant difference between the predicted and
actual values. In summary, the proposed RSM model could be a useful model for the
prediction of maximum specific growth rate and doublings per day of H. akashiwo under
the aforementioned conditions.
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Table 4.4: Optimum factor set for maximum growth rate and doublings per day of H.
akashiwo based on the design of experiments–response surface methodology (DOE–
RSM) approach.
Factors
Temperature
(°C)
25

4.3.2

Salinity
30

CO2
level
400

Specific growth rate (Ke) (d-1)

Doublings per day (k) (d-1)

Predicted

Experimental

Predicted

Experimental

0.79 ± 0.06

0.78 ± 0.15

1.14 ± 0.08

1.13 ± 0.22

Heterosigma akashiwo cell yield

The highest yield with a value of 23671.42 cells ml -1 was observed at a salinity of 20 and
CO2 level of 550 ppm at 20 °C, which was followed by the cultures grown at 25 °C,
salinities of 10, 10, and 30, and CO2 levels of 400, 700, and 700 ppm, respectively
(Figure 4.5). However, the lowest yield was observed at minimum temperature, salinity
and CO2 level (Figure 4.5). Based on the obtained data (Figure 4.5) warmer temperatures
resulted in more yield. There was a significant difference between 15 and 25 °C (p-value
= 0.004) and 15 and 20 °C (p-value = 0.025) after running One-way ANOVA followed
by Tukey post hoc test. However, no significant difference was observed between 20 and
25 °C (p-value = 0.56).
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Figure 4.5: The yield of H. akashiwo grown at 25 °C, 20 °C and 15 °C with different
salinities and CO2 levels. The discrete data points are average of triplicate measurements
± standard deviation (n=3).
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4.3.2.1

Response surface modeling validation for yield

To assess the maximum level of yield production in H. akashiwo under the
aforementioned factors, three-factor two-level full factorial design with center points was
applied and ANOVA was carried out using Design Expert program. The experimental
results containing coded and uncoded levels of factors for yield production of 19
experimental runs are presented in Table 4.5. The data represents the average of
triplicates ± standard deviation (n=3). The results show that temperature had a significant
effect on the yield production of H. akashiwo in this experiment. Increasing temperature
from 15 °C up to 25 °C, when media salinity was 10 and CO2 concentration was at the
lowest level in this experiment, improved the biomass mass production and therefore
yield more than two times.
The main results of the ANOVA are presented in Table 4.6, which indicate a significant
model (F-value = 6.5 and p-value = 0.0093) and significant effect of temperature as a
model term in the range studied (p-value = 0.0005). The other variables showed a lower
statistical significance (p-value > 0.0005). To validate the adequacy of a model fit, Lack
of Fit, which is the variation of the data around the fitted model, was used (Islam et al.,
2009; Welham et al., 2015b). The significance of Lack of Fit means the model does not
fit the data. In our study the Lack of Fit F-value of 5.18 implies the Lack of Fit is not
significant relative to the pure error, indicating a good response to the model. The
mathematical model representing the yield as a function of test variables in the
experimental region, after eliminating insignificant parameters, and in terms of actual
factors, is expressed by the following equation:
Yield = -61315.03 + 5652.08 × Temperature
Based on the equation, temperature had a positive effect on the yield production of H.
akashiwo and increasing the temperature improved the yield.
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Table 4.5: Experimental design table for the factors and yield production (n=3 ± standard
deviation).
Run order

Coded values of factors

Response

Temperature (°C)

Salinity

CO2 level (ppm)

Yield (cells ml-1) (×103)

1

-1

-1

-1

9.23 ± 1.03

2

+1

+1

+1

23.06 ± 2.06

3

-1

-1

+1

13.74 ± 2.74

4

-1

+1

-1

14.54 ± 1.25

5

0

0

0

20.58 ± 3.37

6

-1

+1

+1

20.49 ± 2.96

7

+1

-1

+1

23.39 ± 2.43

8

0

0

0

22.41 ± 1.72

9

+1

+1

-1

21.48 ± 2.46

10

+1

-1

-1

23.59 ± 1.96

11

0

0

0

21.46 ± 3.27

12

-1

0

0

15.33 ± 4.94

13

0

0

0

25.67 ± 4.80

14

0

-1

0

14.76 ± 1.79

15

0

0

0

23.37 ± 2.78

16

0

0

-1

21.69 ± 2.18

17

0

0

+1

21.39 ± 1.94

18

+1

0

0

21.94 ± 1.74

19

0

+1

0

21.71 ± 1.54
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Table 4.6: ANOVA of yield production of H. akashiwo.
Source

Remark

Model

Significant

X1

Significant

Sum of

df

Mean square

F- value

p-value

2.842E+008

9

3.158E+007

6.05

0.0093

1.609E+008

1

1.609E+008

30.85

0.0005

X2

2.745E+007

1

2.745E+007

5.26

0.0510

X3

1.332E+007

1

1.322E+007

2.55

0.1487

X1X2

2.631E+007

1

2.631E+007

5.04

0.0549

X1X3

1.032E+007

1

1.032E+007

1.98

0.1972

X2X3

1.289E+006

1

1.289E+006

0.25

0.6325

X12

1.112E+007

1

1.112E+007

2.13

0.1824

X22

1.586E+007

1

1.5886E+007

3.04

0.1193

X32

1.874E+006

1

1.874E+006

0.36

0.5655

squares

R-squared

0.8720

Adj. R-squared

0.7280

Adeq precision

8.383
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4.3.2.2

Main and interaction influence of factors for yield

The interaction effects of temperature and salinity, and temperature and CO2 level on the
yield production of H. akashiwo is depicted in Figure 4.6-A and B. Based on the results
the cultures grown at the lowest salinity and temperature had the minimum yield.
However, the CO2 level had no significant impact on the yield production. The maximum
yield was detected at 25 °C, salinity of 20 and CO2 level of 700 ppm. The predicted mean
for maximum yield production under the optimum condition was estimated about
24746.1 ± 2283.81 when the low value of the prediction interval (PI) with 95 %
confidence was 2311 and the high PI value was 30078. The experimental results showed
2511 ± 1052 and a T-test at 95 % confidence showed no significant difference between
the experimental and predicted values.

Figure 4.6: Surface plot of combined effect of temperature and salinity (A) and
temperature and CO2 level (B) on the cell yield of H. akashiwo.

4.3.3

Heterosigma akashiwo cell permeability

Measuring the cellular permeability of the H. akashiwo under the defined conditions
showed that the maximum level of modification in the cell membrane of H. akashiwo
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occurred when the culture grew at 15 °C, a salinity of 10 and a CO2 level of 400 ppm,
which are the lowest levels for all three factors in this study (Figure 4.7).
Based on the presented data in Figure 4.7, the highest change in cell permeability was
detected when salinity was at the lowest level in comparison with the other two factors.
Increasing the salinity in the culture reduced the cellular permeability of H. akashiwo and
the lowest alteration in cell membrane was detected at the highest salinity level. No
significant difference was observed between different temperature treatments (p-value >
0.05), however, a significant difference was detected among different salinity and CO2
concentration treatments (p-value < 0.05). Similar results were observed when cells were
cultivated at 15 °C, a salinity of 5 and 30 µmole photon m-2 s-1 (Mehdizadeh Allaf and
Trick, submitted).
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Figure 4.7: The cell permeability of H. akashiwo grown at 25 °C, 20 °C, and 15 °C with
different salinities and CO2 levels. The discrete data points are average of triplicate
measurements ± standard deviation (n=3).
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4.3.3.1

Response surface modeling validation for cellular
permeability

The design matrix of coded values for the factors and the responses in terms of cell
permeability for all experimental runs and ANOVA data are presented in Table 4.7 and
Table 4.8, respectively.
The model F-value implies the model is significant and there is only 0.93 % chance that
an F-value this large could occur due to noise. Adequate precision measures the signal to
noise ratio and a ratio of 9.4 obtained in this study, which is greater than 4, means an
adequate signal and that the model can be used to navigate the design space. In this study,
salinity and the interaction of temperature and CO2 level are significant model terms and
the p-values are 0.0013 and 0.0089, respectively.
The fitted 2FI polynomial model in terms of significant actual factors is as follows:
Cell permeability = +1.51E+007 - 2.05E+005 × Salinity + 819.97 × Temperature × CO2
level
It indicates the main effect of salinity has a negative impact on cell permeability of H.
akashiwo while the interaction effect of temperature and CO2 level has a positive impact
on the same response.

4.3.3.2

Main and interaction influence of factors for cell
permeability

3D response surface graphs for cell permeability of H. akashiwo as a function of salinity
and temperature, temperature and CO2 level, as well as salinity and CO2 level are
illustrated in Figure 4.8-A, 4.8-B, 4.8-C, respectively. It can be observed from response
surfaces that the cellular permeability increased as the salinity decreased, Figure 4.8-A
and 4.8-C. It also increased with the decrease of both reaction temperature and CO2 level,
Figure 4.8-B.
To confirm the maximum cell permeability at 15 °C, salinity of 10, and a CO2 level of
400 ppm post analysis was performed. The result was a cellular permeability of 3790029
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± 1226958, which is in the range of the predicted values. T-test at 95 % confidence
showed no significant difference between predicted and experimental data at the
mentioned optimum condition.
Table 4.7: Experimental design table for the factors and H. akashiwo cell permeability
(n=3 ± standard deviation).
Run order

Coded values of factors

Response

Temperature (°C)

Salinity

CO2 level (ppm)

Cell permeability (RFU) (×103)

1

-1

-1

-1

2

+1

+1

+1

396 ± 153.1

3

-1

-1

+1

762 ± 181.8

4

-1

+1

-1

516 ± 256.5

5

0

0

0

956 ± 4982.3

6

-1

+1

+1

238 ± 83

7

+1

-1

+1

8

0

0

0

850 ± 661.4

9

+1

+1

-1

355 ± 103.6

10

+1

-1

-1

740 ± 234.9

11

0

0

0

803 ± 509.1

12

-1

0

0

550 ± 172.3

13

0

0

0

459 ± 194.4

14

0

-1

0

1.7E3 ± 496.8

15

0

0

0

1072 ± 813.7

16

0

0

-1

806 ± 261.0

17

0

0

+1

1.2E3 ± 475.7

18

+1

0

0

715 ± 267.6

19

0

+1

0

405 ± 141.3

3.8E3 ± 1227

2.3E3 ± 1263.1
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Table 4.8: ANOVA of cell permeability of H. akashiwo.
Source

Remark

Sum of squares

df

Mean square

F- value

p-value

Model

Significant

9.323E+012

6

1.554E+012

5.17

0.0093

1.795E+011

1

1.795E+011

0.60

0.4559

5.488E+012

1

5.488E+012

18.27

0.0013

X3

1.651E+011

1

1.651E+011

0.55

0.4740

X1X2

2.797E+011

1

2.797E+011

0.93

0.3553

3.026E+012

1

3.026E+012

10.07

0.0089

1.857E+011

1

1.857E+011

0.62

0.4483

X1
X2

X1X3
X2X3

Significant

Significant

R-squared

0.7383

Adj. R-squared

0.5956

Adeq precision

9.398
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Figure 4.8: Surface plot of combined effect of temperature and salinity (A), temperature
and CO2 level (B), and salinity and CO2 level (C) on the cellular permeability of H.
akashiwo.

4.3.4

Relationship between different responses

Correlating the final results of the three aforementioned responses indicated that the
cellular permeability of most samples with different ranges of growth and therefore
specific growth rate were less than 2 ×106 RFU (Figure 4.9-A). Linear regression
analyses were conducted to relate specific growth rate with cell permeability, with each
individual specific growth rate as the independent variable and cellular permeability as
the dependent variable. R2 was small indicating that these two variables are not related
linearly. A 2nd order polynomial regression model was fitted as well. Similar to the linear
regression, the results showed no relation between these two variables. Cultures grown at
the lowest temperature, salinity and CO2 level showed the least specific growth rate while
possessing a high level of cellular permeability, Figure 4.9-A.
Samples with a higher growth showed higher levels of yield production, Figure 4.9-A.
After performing a linear regression analysis, there was a positive relationship between
these two parameters and R2 was 0.61.
There was a negative trend when the linear model was fitted to the data taking yield as a
dependent variable, and cellular permeability as an independent variable (R2 = 0.57).

145

Cells with the highest level of yield production showed the lowest amount of cellular
permeability, Figure 4.9-B.

Figure 4.9: The effect of cell permeability and cell yield as a function of specific growth
rates (A), and relation between cell permeability and cell yield production (B) in H.
akashiwo.

146

4.4 Discussion
Lack of knowledge regarding the multiple stressor effects on the growth and toxicity of
harmful algal bloom species including H. akashiwo is one of the major problems in this
field. Currently, most laboratory experiments employ one-factor-at-a-time (OFAT)
approach. In this study, we have demonstrated that design of experiment (DOE) approach
can provide a powerful information for assessing the effect of multiple factors on the
growth, yield, and cellular permeability of H. akashiwo simultaneously. In addition to
reduce the amount of resources used, such as time, materials, and money, this method
estimated the effect of each parameter with more precision, and the interaction between
various factors more systematically (Czitrom, 1999). This will allow us to predict the
impact of various environmental parameters on the occurrence and growth of H.
akashiwo which is very important for the environment, aquaculture facilities, and public
health.

4.4.1

Heterosigma akashiwo growth rates

H. akashiwo can tolerate a broad range of temperatures, from 4 to 30 °C, and salinities,
from 5 to 30 (Zhang et al., 2006). The findings in this study showed that higher
temperatures enhanced the growth of the H. akashiwo cells and a significant difference
was observed when the cells grew at 15 °C compared to 25 °C. The effect of temperature
was also detected as a significant parameter on the growth and doubling per day of the
cells. Ikeda et al. (2016) indicated that increasing the temperature from 14.7 to 27.8 °C
had a positive impact on the growth rate of H. akashiwo from North America. A
temperature of 25 °C was also reported as the best temperature for the growth of H.
akashiwo species isolated from Japan and Spain (Ono et al., 2000; Butrón et al. 2012).
These results suggest that increase in the surface water temperature caused by global
warming may increase the growth of H. akashiwo.
Another major parameter that is influenced by climate change and can affect the growth
of different species of phytoplankton is salinity. H. akashiwo is capable of tolerating a
broad range of salinities from 0 to 40. Our results presented that increasing salinity from
10 to 30 did not show a significant effect on the growth of H. akashiwo. In addition, no
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interaction effect between salinity and temperature, and salinity and CO2 level was
detected. A previous study demonstrated that the growth rate of H. akashiwo increased
1.4-fold at a salinity of 20, 2.7-fold at a salinity of 32 and 2.4-fold at a salinity of 10 as
the temperature increased from 14.7 °C to 27.8 °C (Ikeda et al., 2016). Butrón et al.
(2012) reported that H. akashiwo cells grew best at 25 °C when salinity increased from
10 to 30. The maximum specific growth rate for the isolated strains from west coast of
Canada and USA was observed when the salinity was between 15 to 30, while the lowest
growth was reported at the lowest salinity which was zero in that area (Strom et al.,
2013). On the other hand, the specific growth rate for strains isolated from east coast of
USA, Spain, New Zealand and Norway showed little or no growth at salinity of 5
(Martinez et al., 2010). In addition, increasing the salinity range from 20 to 35 at 23 °C
and light intensity of 100 µmol photons m-2 s-1 for the most examined strains showed
more growth rate in comparison with salinity of 20 at 17 °C and 40 µmol photons m-2 s-1
light intensity (Martinez et al., 2010). Japanese strains showed the highest growth at a
salinity of 25, 25 °C and a light intensity of 100 µmol photons m-2 s-1 (Ono et al., 2000;
Haque and Onoue, 2002). These data suggest that salinity did not have any significant
effect on the growth of H. akashiwo as an individual factor. However, when combined
with other parameters such as temperature and light its impact was different. Increasing
salinity and temperature simultaneously can improve the growth of H. akashiwo. It is
likely that this trend could affect the growth of H. akashiwo in the middle latitudes
because of the occurrence and increase of ocean stratification and global warming in
these geographical regions.
Salinity and stratified water column can affect the swimming speed of H. akashiwo and
bloom formation of this species in surface waters. It was previously reported that the
presence of a salinity jump can influence the swimming behavior of H. akashiwo. In the
presence of a salinity jump from 28 to 8, cells showed a slower upward swimming. Cells
showed no change in swimming speed with a salinity jump from 28 to 16 and stopped
swimming upward below an interface of fresh water, indicating the strength of the
salinity jump is also a factor to be considered (Bearon et al., 2006).
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Another parameter investigated in the present study was the CO2 level. Our data
confirmed that under the conditions defined in this study, H. akashiwo cells showed a
better growth at 400 ppm CO2 which is the present-day level of CO2 in the atmosphere.
CO2 level showed a significant impact on the growth of H. akashiwo individually, and
upon interacting with temperature (Table 4.3). Increasing the CO2 concentration from
400 to 700 ppm and temperature from 15 to 25 °C resulted in a reduction in the growth of
H. akashiwo. Contrary to our results, Fu et al. (2008) reported that increasing the CO2
level from 375 ppm to 750 ppm at 20 °C and increasing the temperature from 20 to 24
°C, improved the growth rate of H. akashiwo, while no further enhancement was
observed in the combined treatment. It should be noted that they only used two different
CO2 concentrations and temperatures and did not consider other parameters. The average
specific growth rate in samples grown using a semi-continuous culture method increased
when the pCO2 was changed from 280 ppm (Ke= 0.43 d-1) to 380 and 750 ppm (Ke= 0.49
d-1), but it did not show a difference when pCO2 was changed from 380 to 750 ppm (Kim
et al., 2013). Contrary to this observation, our results showed a negative trend in specific
growth rate of H. akashiwo in a batch culture when pCO2 was changed from 400 to 700
ppm. This may be explained by nutrient acquisition by H. akashiwo cells. When adding
fresh medium to the culture in a semi-continuous method, cells can consume excess
nutrients and increase their growth under high pCO2 (700 ppm). On the other hand, in a
batch culture with a similar amount of nutrients but different pCO2, the cells grown at
pCO2 of 400 ppm can uptake more nutrients in comparison with high pCO2, 700 ppm.
Although we did not measure the nutrient uptake by H. akashiwo, the increase in CO2
concentration, which is one of the consequences of climate change, seems to have the
potential to affect the metabolism in this species by altering cellular membranes, enzyme
activity, and energy input (Beardall and Raven, 2004; Giordano et al., 2005)

4.4.2

Heterosigma akashiwo cell yield

Yield, as a measure of nutrient use efficiency and conversion to biomass, is an important
trait to understand the function of cells and their ecosystem (Lipson, 2015). Our
knowledge about yield production in H. akashiwo under various environmental
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conditions is limited. In an effort to improve our understanding of yield production in H.
akashiwo under various environmental conditions we employed DOE approach.
Based on our results, the maximum yield production was observed in warmer waters and
temperature. Temperature showed the most significant effect on the yield production of
H. akashiwo among other studied factors. Temperature is a major environmental factor
expected to vary as a result of climate change, although this change is not uniform
globally (IPCC, 2013; Wells et al., 2015). These results are in agreement with a previous
study in which temperature was found to have a more significant impact on the yield
production of H. akashiwo (Mehdizadeh Allaf and Trick, submitted). These results
suggest that, higher temperatures can work as a trigger in H. akashiwo cells to convert
more substrate into biomass.

4.4.3

Heterosigma akashiwo cell permeability

H. akashiwo can tolerate a wide range of salinities, from 5 to 30 (Zhang et al., 2006).
This species is able to migrate through strong haloclines by changing their swimming
speed (Bearon et al., 2006) and changing their cellular permeability as an adaptive
mechanism to salinity (Tobin et al., 2011). Altering the permeability of the cell
membrane is an energetic mechanism used by H. akashiwo to maintain the turgor
pressure without damaging the cell structure in order to adapt quickly to the range of
salinities characteristically encountered in their natural environments (Zimmermann,
1978; Krist, 1989; Zhang et al., 2006; Ikeda et al., 2016).
Ikeda et al. (2016) measured cell permeability in H. akashiwo cells under various ranges
of salinity and temperature. Our results demonstrated that the highest amount of cellular
permeability was detected at the lowest salinity. The interaction between temperature and
CO2 level also exerted a significant effect on the cell permeability of our samples (Table
4.8). The reduction of temperature and CO2 level increased the cell membrane
permeability of H. akashiwo. In our previous study, the effect of salinity and the
interaction of light and temperature showed a significant effect on the cell permeability of
H. akashiwo (Mehdizadeh Allaf and Trick, submitted). Ikeda et al. (2016) reported that in
the exponential growth phase, an inverse relation was detected between salinity and
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temperature. During the exponential growth phase of samples grown at salinities of 10
and 20, an increase in cellular permeability was detected when temperature reduced from
27.8 to 14.7 °C. While in stationary phase, a decreasing trend in cell permeability was
observed with increasing temperature at salinity of 32. The highest level of cellular
permeability was still observed at a salinity of 10 followed by 20 and 32 (Ikeda et al.,
2016). These reports are consistent with our findings which suggest the lowest salinity
and lower temperature lead to the highest level of cellular permeability. Based on these
data, H. akashiwo cells are able to tolerate a broad rang of salinity and migrate through
halocline by changing their cellular permeability and reduce the turgor pressure without
damaging their cell structure (Ikeda et al., 2016).
In our study, the combination effect of cooler water and present-day pCO2 showed an
increase in cellular permeability of the cells. Future weather conditions and the increase
in pCO2 may reduce the cellular permeability of H. akashiwo by altering the cellular
membrane and energy input (Beardall and Raven, 2004; Giordano et al., 2005).
Ikeda et al. (2016) proposed cellular permeability as an indicator for H. akashiwo toxicity
and reported a positive relation between cellular permeability of H. akashiwo and its
toxicity, however, our findings did not support their hypothesis (Chapter 3).
No strong correlation was detected between either cell permeability and growth rate, or
cell permeability and yield production by H. akashiwo. H. akashiwo cells can consume
substrates and nutrients and convert them into biomass and energy. On the other hand, to
balance the turgor pressure by altering cellular permeability of the cells energy is
required. However, the conversion of nutrients into biomass and energy is not equal to
the energy required to balance the turgor pressure in H. akashiwo cells under a broad
range of salinity.

4.5 Conclusions
The results indicated that the Design of Experiment (DOE) can be used to find the
optimum growth, yield and cellular permeability under defined conditions. The DOE
model revealed that the highest growth and, therefore, doublings per day was observed at
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25 °C, salinity of 30 and CO2 level of 400 ppm, which suggests that increasing the water
temperature from 15 to 25 °C showed a positive impact on the growth of American strain
of H. akashiwo. In addition, the growth of H. akashiwo was greater at higher salinity
compared to low level of salinity.
The maximum yield of this specific strain was obtained at 25 °C, salinity of 20 and CO2
level of 700 ppm. This data suggests that increasing the water temperature and the CO2
concentration in response to climate change may maximize the yield production by H.
akashiwo. However, as a physiological adaptive response, H. akashiwo showed the
greatest cellular permeability change in lowest salinity, temperature and CO2
concentration.
The maximum level of yield showed the lowest level of cellular permeability with a
negative correlation. However, the correlation between yield and growth was positive and
no strong correlation was detected between growth and cell permeability in H. akashiwo
under the defined conditions used in this study.
With regards to the future conditions of warmer temperatures, and elevated levels of CO2,
which impact the salinity, water temperature, and the absorbance of CO2, in many coastal
regions worldwide, it is expected these abiotic changes will likely increase the potential
growth rate and biomass yield but reduce the toxicity of fish-killing flagellate H.
akashiwo in North America.
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Chapter 5

5

Influence of multi-stressor combinations of pCO2,
temperature and salinity on the toxicity of Heterosigma
akashiwo, a fish-killing flagellate.

5.1 Introduction
As a result of human activities since 1750, the level of carbon dioxide, methane, and
nitrous oxides have increased remarkably in the atmosphere (Moore et al., 2008). The
atmospheric CO2 level has increased intensely; from 280 ppm in pre-industrial time in the
late eighteenth century, to 407 ppm in August 2017 (NOAA, 2017). Climate change has a
direct and indirect effect on the oceans and their interaction with human beings. A
positive relationship between climate change and the magnitude, frequency, and duration
of harmful algal blooms (HABs) has been reported (Hayes et al., 2001; Trainer et al.,
2003; Moore et al., 2008; Hallegraeff, 2010; Hoegh-Guldberg and Bruno, 2010; Wells et
al., 2015).
The proliferation of the microscopic planktonic algae, named algal blooms, in the oceans
is usually beneficial as a critical source of food for many aquatic animals, (Hallegraeff,
1993). However, in some situations these blooms are able to kill thousands to millions of
fish and shellfish, resulting in huge economic losses to aquaculture (Hoagland and
Scatasta, 2006; Rensel, 2007), have a negative impact on the recreation and tourism
industry (Hoagland and Scatasta, 2006; Anderson et al., 2012; Hoagland, 2014), and
cause major environmental and human health (Hoagland and Scatasta., 2006; Moore et
al., 2008; Hoagland, 2014; Trainer et al., 2016). Three hundred out of 5000 species of
marine phytoplanktons can form blooms and discolor the surface of waters, however only
80 species produce potent toxins (Hallegraeff, 1993; 2003). Heterosigma akashiwo,
(Hada), a raphidophyte, is one of the 40 species with high potential to form harmful algal
blooms and produce toxins in temperate waters worldwide (Smayda, 1998). The blooms
of H. akashiwo caused massive fish kills and consequently, dramatic economic loss in
different parts of the world including Canada and United States (Hershberger et al., 1997;
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Rensel et al., 2010), Mexico (Livingston, 2007), Japan (Ono et al., 2000, Haque and
Onoue, 2002) and New Zealand (Chang et al., 1990).
Degenerative changes of the branchial epithelium and vasculature such as swelling of the
respiratory epithelium, mucus discharge, and separation of the secondary epithelium from
the pillar cells by edema were detected in populations of fish exposed to H. akashiwo
cells (Landsberg, 2002) and the cause of death was reported to be impairment of
respiratory and osmoregulatory function of the gills (Chang et al., 1990). Production of
reactive oxygen species (Yang et al., 1995; Twiner and Trick, 2000), brevetoxin-like
compounds (Khan et al., 1997; Ono et al., 2000), excessive mucus (Chang et al., 1990),
or hemolytic activity (Ling and Trick, 2010) have been attributed to H.akashiwo toxic
activity.
Results from studies by thin-layer chromatography (TLC) and high-performance liquid
chromatography (HPLC) on H. akashiwo red tides showed that raphidophytes toxins
could be neurotoxic corresponding to brevetoxin or brevetoxin-like compounds (Khan et
al., 1997). Brevetoxins (PbTxs), made of ladder frame multi-ring polyether neurotoxins
(McCall et al., 2014), which can bind with and prevent activation of voltage sensitive
sodium channels (VSSCs) (Baden et al., 1988; Jeglitsch et al., 1998). Work performed by
Twiner et al. (2005) documented that the isolated toxin fraction from H. akashiwo was
not antagonistic against Na+ but rather Ca2+ transport differentiating the compound from
brevetoxin.
Without a definable toxin, most studies have relied on toxicity assessments, for example
to measure the ichthyotoxic effect of marine microalgae, it is very common to use the
whole organism or larva of brine shrimp Artemia salina (Mohamed and Sheheri, 2012;
Powers et al., 2012; Astuya et al., 2015), Japanese sea bream (Pagrus major) (Nakamura
et al., 1998; Ono et al., 2000), and yellowtail (Ishimatsu et al., 1996), or use mouse as a
bioassay which is unreliable and raises ethical concerns (Botana et al., 2009; Stewart and
McLeod, 2014). Different types of cell lines including fish cell lines (Castano et al.,
2003), mammalian cell lines, such as human embryonic kidney, rat osteosarcoma (Twiner

159

et al., 2004), and insect cell lines such as Spodoptera frugiperda (Sf9) (Twiner et al.,
2005) have also been used as proxies for ichthyotoxicity.
Over 150 continuous cell lines have been extracted from fish (Castano et al., 2003).
RTgill-W1, an epithelial gill cell line, is one of the most suitable cell lines that can be
used to measure the icthyotoxic effect of harmful algal blooms because it is easy to
maintain and handle and shows continuous growth, the procedure is rapid and
inexpensive with high accuracy and sensitivity, and a small test volume is required
(Dayeh et al., 2005; Bury et al., 2014).
Alternatives to the whole cell toxicity assays are some specific assays that correlate with
cell line studies. For example, hemolytic assays, the ability to lyse the erythrocytes in the
blood, are found in fish killing species but rarely in other microalgae. Hemolysis is
usually associated with fatty acids but not all the fatty acids are necessarily hemolytic
(Landsberg, 2002). The fatty acids production could be altered under various
environmental conditions and genetic factors and therefore, can affect the intensity of
hemolytic activity in microalgae (Bodennec et al., 1995). High levels of polyunsaturated
fatty acids (PUFAs) were detected in different species of Raphidophyceae including
Chattonella marina (Marshall et al., 2003) and Fibrocapsa japonica (Fu et al., 2004; de
Boer et al., 2009), as well as other ichthyotoxic non-raphidophyte algae (Landsberg,
2002), which have been associated with hemolytic activity in fish blood cells (de Boer et
al., 2009).
Rupturing the cell membrane of different microalgae showed an increase in hemolytic
activity compared to intact cells which suggests that the hemolytic agents are located in
certain intracellular compartments and rupturing the cell releases these hemolytic agents
from algal cells (Kuroda et al., 2005; Ling and Trick, 2010; Mohamed and Sheheri,
2012). The level of polyunsaturated fatty acid eicosapentaenoic acid (EPA) in the free
form, which was shown to have toxic properties to marine organisms, may increase
rapidly in the fish buccal cavity by rupturing the fragile C. marina cells (Marshall et al.,
2003).
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Perhaps surprisingly light is key to the expression of hemolytic activity (Kuroda et al.,
2005; de Boer et al., 2009; Ling and Trick, 2010). The highest hemolytic activity in H.
akashiwo was detected at 100 µmol photons m-2 sec-1, while no hemolytic activity was
observed in the dark (Ling and Trick, 2010). Similar results were observed for C. marina
(Kuroda et al., 2005) and Fibrocapsa japonica (de Boer et al., 2009). Results showed
zero or the lowest level of hemolytic activity in samples incubated in the dark, while both
C. marina and Fibrocapsa japonica species showed the highest amount of hemolytic
activity when they were incubated at 30 µmol photons m-2 sec-1 light intensity (Kuroda et
al., 2005; de Boer et al., 2009).
Age of the microalgae cultures is another factor that has been stated to influence
hemolytic activity. In H. akashiwo, as the cells aged and reached the late stationary
phase, the level of hemolytic activity decreased (Ling and Trick, 2010). The cells of
Fibrocapsa japonica were less hemolytic under N limitation (de Boer et al., 2004).
Moreover, Fibrocapsa japonica showed the highest level of hemolytic activity at salinity
of 16, the lowest salinity tested (de Boer et al., 2004).
The objectives of this study include investigating the effect of temperature, salinity and
CO2 concentrations on lipid production, hemolytic activity using the erythrocyte lysis
assay (ELA), and toxicity measurement using RTgill-W1 cytotoxicity assay (RCA), and
then, investigating the correlation between various responses under the defined
conditions. Unlike previous studies, here we employ the design of experiments (DOE)
approach instead of the one-factor at a time (OFAT) approach. The advantage of using
DOE over OFAT approach includes: DOE is a more effective way to investigate the
impact of more than one factor on the same response, less resources such as experiments,
time, and materials are required, the interaction between factors can be estimated
systematically, experimental information is obtained in a larger region of factor space,
and the effects of factors are estimated more precisely (Czitrom, 1999; Niedz and Evens,
2016).
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5.2 Materials and Methods
5.2.1

Culturing Heterosigma akashiwo

Unialgal cultures of H. akashiwo (NWFSC-513, originally isolated from the Clam Bay,
WA, USA in 2010) were maintained in f/2 (minus Si) medium complemented by
artificial seawater medium (ESAW) (Harrison and Berges, 2005) in 250 ml flasks at 20 ±
1 ºC and under a continuous white fluorescent light intensity of 80 ± 5 µmol photons m-2
sec-1. All the experimental glassware was washed and rinsed with distilled water and
cleaned by soaking in 1 % (v/v) HCl solution overnight, followed by three rinses in ultrapure water.
Various concentrations of salinities in the media were prepared by adding different
amounts of NaCl (Sigma-Aldrich, Canada) into artificial seawater (ESAW). Prior to
experimentation, the H. akashiwo cultures were acclimated to different ranges of
salinities. Cells were used as experimental inoculum when they reached mid-exponential
phase. They were diluted to 1×104 cells ml-1 in each experimental Pyrex tube (Corning,
USA), and then covered with high-purity silicone stoppers (Cole-Parmer scientific
experts, Canada) containing one inlet for gas and two outlets for sampling and release of
negative pressure (Figure 5.1-A). The setup was built using glass tanks filled with
distilled water and the temperature for each tank was maintained at the pre-set value
using a refrigerated/heating circulating bath (VWR, Canada). The temperature was also
monitored daily by manual measurement using a Traceable™ Waterproof Thermometer
(Fisher ScientificTM) three times a day. The tubes were kept floating on the surface of
the tank using styrofoam sheets. Each tube was connected to a gas cylinder with a
specific concentration of CO2, purchased from Praxair Canada Inc. The gas was bubbled
through a 0.45 µm syringe filter daily for 5 minutes before sampling. The experimental
light intensity was adjusted at 250 ± 10 µmol photons m-2 sec-1 and measured by
Quantum Scalar Laboratory (QSL) sensor (Biospherical Inc., San Diego, CA, USA). The
final setup is presented in Figure 5.1-B.

162

Figure 5.1: Experimental tube (A), and experimental setup (B).

5.2.2

Experimental sample preparation for different analyses

In order to measure the amount of neutral lipids, hemolytic activity and toxicity of H.
akashiwo, cells were grown three to four days after they reached their stationary phase,
when the level of nutrient becomes limited and the growth is slow and therefore the lipid
accumulates in cells (Cirulis et al., 2012; Bajpai et al., 2014). Cells are most likely to be
toxic in this stage (Cochlan et al., 2012). Then the required volumes for each analysis was
taken and cells were harvested, using 15 mL Falcon centrifuge tubes, in an Avanti™ J-E
High-Performance Centrifuge (Beckman Coulter, Fullerton, CA) at 5000 xg for 10
minutes.

5.2.3

Sample preparation for lipid analysis

After the required volume was centrifuged at the defined conditions, obtained pellets
were stored at -20 °C until the lipid assessment was performed. Samples were thawed at
room temperature before lipid determination and the number of cells for each sample was
set at 1×105 cells ml-1 using ultra-pure water.
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5.2.4

Neutral lipids assessment

To assess the amount of neutral lipids in each sample, a Nile Red assay in a 96-well plate
was used. The Nile Red lipid assay is known as a simple and rapid screening method to
measure lipid in different species of microalgae (Moazami et al., 2011; Ren et al., 2013).
Nile Red (9-diethylamino-5H-benzo [α]-henoxazine-5-one) is a fluorescent lipophilic dye
with high excitation and emission spectra, that shift toward the blue end of the spectrum
with decreasing solvent polarity (Greenspan and Fowler, 1985; Dutta et al., 1996). Using
a black-sided clear bottomed plate (Greiner bio-one 655090), 100 μl of aliquot of algal
sample was added to the wells, then 100 μl of the Nile Red dye (1 μg/ml- Sigma)
solution, prepared in 50 % DMSO (CalBioChem), was pipetted into each well. To read
the fluorescence intensity, the plate was kept in the Gemini XPS microplate reader for 10
minutes at 40 °C. Fluorescence intensities were measured using 530 and 570 nm
excitation/emission wavelengths, respectively. Nile Red fluorescence was determined in
triplicate for all samples. Analytical standard triolein (Y0001113, Sigma–Aldrich) was
used to generate standard curves.

5.2.5

Sample preparation for hemolysis analysis

After samples were centrifuged at 5000 xg for 10 minutes, pellets were resuspended in
ELA buffer (erythrocyte lysis assay buffer (ELA): 150 mM NaCl, 3.2 mM KCl, 1.25 mM
MgSO4, 3.75 mM CaCl2, and 12.2 mM TRIS base; pH was adjusted to 7.4 with HCl
(Eschbach et al., 2001) by adjusting the number of cells to 5×104 cells ml-1. Then, cell
suspensions were sonicated at an output power of 10 for 30 seconds on ice using a
Virsonic 100 Ultrasonic Cell Disrupter (VirTis Company, Gardiner, NY). Samples were
stored at -20 °C.

5.2.6

Preparation of erythrocytes

Rabbit blood [50 % whole blood: 50 % Alsever’s (isotonic salt solution), (v/v)] was
purchased from PML Microbiologicals, Wilsonville, Oregon and stored in the dark at 4-8
°C. 400 µl blood was transferred into 1.7 ml microcentrifuge tubes and centrifuged at
1500 xg for 5 minutes using an Eppendorf 5415D Benchtop Microcentrifuge (Eppendrof,
Germany). The erythrocyte pellets were washed twice with ELA buffer by vortexing the
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sample followed by centrifugation at the same condition. Erythrocyte suspensions were
diluted to 107 cells ml-1 in ELA buffer using a hemocytometer to count the cells.

5.2.7

Erythrocyte lysis assay (ELA)

A modified version of ELA was used to measure the hemolytic activity of H. akashiwo
(Eschbach et al., 2001; Ling and Trick, 2010). The assay was implemented in a 96-well
transparent microtitration plate with a flat-bottom (9017, Corning®) by adding 120 µl
algal sample and 120 µl blood. Negative control, representing no lysis, was prepared by
incubating the erythrocytes in ELA buffer. Positive control, representing complete lysis,
was prepared by sonicating the blood at the same setting used for algal sample. To
measure the background absorbance, algal samples were incubated in an ELA buffer. All
the experimental samples were pipetted in triplicate. Finally, to avoid any evaporation,
microplates were sealed with parafilm and incubated for two hours under the same light
intensity and temperature used to grow cultures. Following incubation, each microplate
was centrifuged at 2000 xg for 5 minutes at 18 °C using an Avanti™ J-E HighPerformance Centrifuge (Beckman Coulter, Fullerton, CA). 200 µl supernatant of each
sample was pipetted into a new 96-well microtitration plate and the absorbance of the
plate was measured at 414 nm using a Multiskan™ GO Microplate Spectrophotometer
(Thermo Fisher Scientific). Hemolytic activity of each sample which was presented as
the percentage of lysed cells was calculated using the following equation, Eq.1:

Eq. 1
Where, E414 is the absorbance of algal sample at 414 nm, B414, the absorbance of the
background, N414 the absorbance of negative control and finally, P414 is the absorbance of
positive control at 414 nm.

5.2.8

Photometric scanning experiment

To evaluate the hemolytic activity of H. akashiwo, a photometric scan was performed.
Complete lysed rabbit erythrocytes (5 ×106 cells ml-1) was prepared based on the positive
control preparation for ELA. Algal extract of H. akashiwo with a final concentration of
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2.5×104 cells ml-1 was made from a sample within the same life cycle as the experimental
one, and ELA buffer was used as a blank. The absorbance of each sample was scanned
from 300 to 800 nm using a Multiskan™ GO Microplate Spectrophotometer (Thermo
Fisher Scientific).

5.2.9

Sample preparation for gill cell assay

The obtained pellets, after centrifugation at 5000 xg for 10 minutes, were resuspended in
Leibovitz’s L-15 medium (L-15/ex) (ATCC® 30-2008™) to a final density of 1×105 cells
ml-1, followed by sonicating with an output power of 10 for 30 seconds on ice using
Virsonic 100 Ultrasonic Cell Disrupter and then stored at -20 °C.

5.2.10

Gill cells maintenance and culturing

Rainbow trout gill cell line RTgill- W1 was purchased from the American Type Culture
Collection (ATCC, reference: ATCC CRL-2523). To maintain the sterility of the culture,
all solutions and equipment were sterilized using autoclave, 70 % ethanol, or 0.2 µm
filtration prior to use and handling was performed in a laminar flow hood with
appropriate aseptic techniques. RTgill-W1 was regularly cultured on 25 cm2 tissue
culture treated flasks (353014, Falcon) with Leibovitz’s medium (ATCC® 30-2008™)
supplemented with 10 % (v/v) fetal bovine serum (FBS, ATCC® 30-2020™) and a 2 %
(v/v) antibiotic-antimycotic solution (17-745E, Lonza). This solution was named as L15/complete. The flasks were incubated in a Panasonic climatic test chamber at 20 °C in
the dark. Once a confluent monolayer of cells was observed via an inverted microscope
(Eclipse Ts2, Nikon), Figure 5.2, the L-15/complete medium was aspirated and then the
flask was treated with Versene® (EDTA) 0.02 % solution (17-711E, Lonza) for a minute,
followed by Trypsin EDTA solution (25-053-CI, Corning) for three minutes at 37 °C, to
detach the cells from the surface of the flask for subculturing and seeding purposes. The
washed cells were collected by pipet and concentrated by centrifugation at 200 xg for 5
min. The obtained pellets were used both for subculturing and seeding. For subculturing,
the pellets were diluted with L-15/complete to a ratio of 1:4, however, the dilution ratio
varied depending on the degree of confluence observed prior to detachment. For seeding
in microplates, the pellets were adjusted to 2.5×105 cells ml-1 based on haemocytometer

166

counts. An aliquot of 100 µl was pipetted into a sterile 96-well clear flat bottom treated
culture microplate (353072, Falcon Becton) and covered immediately with a lid and
sealed with parafilm. The plate was incubated at 20 °C in the dark for up to 3 days until a
confluent monolayer was observed in each well under the microscope. Once a confluent
monolayer formed, the media were removed with a sterile suction technique followed by
washing the cells twice with 100 µl phosphate buffered saline (PBS) to remove any L15/complete medium. Then, the cells were exposed to 100 µl algal samples and incubated
at 20 °C in the dark for 24 hours. The procedure described here is a modified version
from Dayeh et al. (2005) and Dorantes-Aranda et al. (2011).

Figure 5.2: RTgill-W1 cell line in Leibovitz’s L-15/complete medium after detachment
and subculturing (A), confluent layer after a few days (B). Scale bar = 100 µm.

5.2.11

Gill cells viability assessment

Algal samples were removed after 24 hours of exposure and the cells were rinsed with
PBS buffer twice. Then, 100 µl of L-15/ex medium containing 5 % AlamarBlue® dye
(DAL1025, Invitrogen), a commercial name for resazurin, was transferred into each well
and the plate was sealed and incubated at 20 °C in the dark for two more hours (Dayeh et
al., 2005). The viability of gill cells was detected by measuring the fluorescence of
AlamarBlue using Gemini XPS microplate reader at excitation and emission filters of 540
and 590 nm, respectively. The cytotoxicity values were calculated using the following
equation, Eq.2:
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Eq.2
where, RFUex.cells is the fluorescence of gill cells after exposure to algal samples, RFUex.no
cells

is the fluorescence of algal samples in L-15/ex medium without any gill cells,

RFUcon.cells is the fluorescence of gill cells in L-15/ex medium and RFUcontrol no cells is the
fluorescence of the L-15/ex medium without any type of cells.

5.2.12

Experimental design

First screening was performed on the experimental variables or factors including
temperature, salinity, and CO2 level using a full factorial design (FFD) to determine how
and to what degree they influence the responses, lipid production, hemolytic activity and
toxicity of H. akashiwo, through a set of experiments and the significant curvature was
detected.
Then a response surface model (RSM) with a central composite design (CCD) was
employed to investigate the interaction effects of the factors on various responses in order
to achieve the optimum points (Mandenius and Brundin, 2008). Response surface
methodology is a combination of mathematical and statistical techniques using a
polynomial equation to fit the experimental data and achieve the maximum system
performance (Bezerra et al., 2008). For this purpose, a second order polynomial function
was fitted to predict the optimum point. The equation would be as follows for three
factors, Eq.3:

Eq.3
where Y is the response variable, B0 is the model constant, B1, B2, and B3 are linear
coefficients, B12, B13, and B23 are interaction effect coefficients, B11, B22 and B33 are
quadratic coefficients, and X1, X2 and X3 are the coded levels of independent variables.
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X1 X2, X1 X3, and X2 X3, and X12, X22 and X32 represent the interaction and quadratic
terms, respectively.
In this study a 23 full factorial design (three factors at two levels) was employed to
investigate the effect of three operating parameters including temperature, salinity and
CO2 concentration on the lipid production, hemolytic activity and toxicity of H.
akashiwo. Each operating parameter was investigated at two levels, called ‘high’ and
‘low’ or ‘+1’ and ‘−1’, presented in Table 5.1. A commercial statistical package, Design
Expert 10.0.3.1 (Stat-Ease, Inc., Minneapolis, MS, USA) was employed to design and
analyze the experimental data. Analysis of variance (ANOVA) was utilized to analyze
the significance of the fit of the empirical model (Welham et al., 2015). Each parameter,
the interaction, and quadratic effects of parameters with p-values < 0.05 are considered as
potentially significant. All conditions were tested in triplicate.
Table 5.1: Experimental ranges and levels of the factors used in the factorial design.
Variables

Values of coded levels

Coded
symbol

-1

0

+1

Temperature (°C)

X1

15

20

25

Salinity

X2

10

20

30

CO2 level (ppm)

X3

400

550

700

5.3 Results
5.3.1

Lipid production in Heterosigma akashiwo

In this study H. akashiwo were grown at 15, 20, and 25 °C, salinity of 10, 20, and 30 and
CO2 concentrations of 400, 550 and 700 ppm and the quantity of produced lipid was
evaluated. The highest amount of lipid was produced at 25 °C at maximum salinity (30)
and the lowest level of CO2 concentration (400 ppm). Increasing salinity at 25 °C showed
a positive trend in lipid production. At 15 °C the level of CO2 was the influencing factor
and lipid production was enhanced as the CO2 concentration increased, Figure 5.3.
However, performing one-way analysis of variance (ANOVA) followed by Tukey post
hoc test, showed no significant difference between various treatments (p-value > 0.05).
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Figure 5.3: Lipid production in H. akashiwo grown under various salinities, and CO2
levels at 25, 20 and 15 °C (n = 3 ± SD).
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5.3.2

Hemolytic activity of Heterosigma akashiwo

The absorbance peaks for lysed rabbit erythrocytes were observed at 414, 540 and 575
nm (Figure 5.4-A). Inspection of Figure 5.4-A shows that the absorbance peak at 414 nm
is almost 10 times stronger than the one at 540 nm. The peak for algal extract was
observed at 675 nm and belongs to the chlorophyll a in this species (Figure 5.4-A) which
did not interfere with the absorbance peak of lysed erythrocytes at 414 nm.
The absorbance versus different cell concentrations of lysed rabbit erythrocytes were
plotted for wavelengths of 414 and 540 nm (Figure 5.4-B). For both wavelengths a linear
relation was found between the cell concentration and absorbance. The absorbance at 414
nm was stronger compared to 540 nm and was selected as the suitable wavelength for
calculating the ELA assay. No peak was detected for ELA buffer, Figure 5.4-A.

Figure 5.4: (A) Photometric scans of completely lysed rabbit erythrocytes, algal extract
and ELA buffer from 300 nm to 800 nm. Arrows point out the maxima of absorption of
lysed erythrocytes and chlorophyll a for H. akashiwo sample. (B) absorbance of lysed
rabbit erythrocytes at 414 and 540 nm at different concentrations. The formulae on the
graphs indicate respective equations and coefficients of correlation (R2) for the resulting
curves (n = 3 ± SD).
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The hemolytic activity of H. akashiwo was studied under the defined conditions and the
percentages of lysed rabbit erythrocytes were calculated using Eq.1. Among all
treatments, the highest hemolytic activity was observed when the temperature, CO2 level
and salinity were the lowest, 15 °C, 400 ppm and 10, respectively. The lowest amount of
lysed cells was detected when cultures were grown at 20 °C, a CO2 concentration of 550
ppm, and a salinity of 30, Figure 5.5. At 20 °C, increasing the salinity in the cultures
reduced the hemolytic activity of microalgae, while at a salinity of 20, increasing the
level of CO2 at this temperature enhanced the percentage of lysed blood cells. At 15 °C,
the lowest salinity and CO2 concentration resulted in more hemolytic activity in
comparison with the highest salinity and CO2 concentration. Nevertheless, no significant
differences were discovered among different treatments (p-value > 0.05).
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Figure 5.5: Lysed rabbit erythrocytes after exposure to H. akashiwo cells, grown under
various salinities, CO2 concentrations and temperatures (n = 3 ± SD).
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5.3.3

Toxicity effect of Heterosigma akashiwo using gill cells

Temperature reduction from 25 °C to 15 °C increased the total amount of dead gill cells
under the defined conditions (Figure 5.6). The highest amount of dead gill cells and
therefore highest toxicity of H. akashiwo was detected at 15 °C, a salinity of 10, and CO2
concentration of 700 ppm, while the lowest amount was identified at 15 °C, a salinity of
30 and 400 ppm CO2 (Figure 5.6). At 20 °C, at the same level of CO2, increasing the
salinity decreased death rate in gill cells and therefore the H. akashiwo showed less toxic
effect, while cultures grown at the same temperature with similar salinity showed an
improvement in their toxicity with increasing the level of CO2 (Figure 5.6). One-way
analysis of variance (ANOVA) followed by Tukey test revealed a significant difference
at the 0.05 level between the population means and between 15 and 25 °C (p-value =
0.01).

5.3.4

Determining the optimum conditions for lipid production,
hemolytic activity and toxicity of Heterosigma akashiwo

Here, the design of experiment (DOE) approach is used to determine the optimum
conditions under which maximum lipid production, the highest hemolytic activity and
toxicity of H. akashiwo are obtained under the influence of the aforementioned factors.
Experimental conditions were chosen based on a central composite design (CCD) and
coded and uncoded values of the independent variables and the measured responses are
shown in Table 5.2.
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Figure 5.6: Gill cell mortality after exposure to H. akashiwo cells, grown under various
salinities, CO2 concentrations and temperatures (n = 3 ± SD).
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Table 5.2: Experimental design table with coded and uncoded factors and responses (n=3
± SD).
Run
order

Uncoded values of factors
Temperature
(°C)

Salinity

Coded values of factors

CO2 level
(ppm)

X1 X2 X3 Lipid (µg ml-1)

Responses
Lysed cells

GCA

(%)

Toxicity (%)

1

15

10

400

-1

-1 -1

2.74 ± 1.0

71.00 ± 6.5

51.98 ± 4.6

2

25

30

700

+1 +1 +1

4.04 ± 1.2

62.10 ± 6.6

44.86 ± 13.0

3

15

10

700

-1

-1 +1

4.05 ± 1.5

51.05 ± 4.7

79.74 ± 8.9

4

15

30

400

-1 +1 -1

3.11 ± 0.8

66.48 ± 9.3

62.32 ± 4.9

5

20

20

550

0

0

0

2.77 ± 0.3

54.07 ± 11.2

49.77 ± 19.6

6

20

20

550

0

0

0

2.70 ± 0.4

52.11 ± 19.8

54.53 ± 14.1

7

15

30

700

-1 +1 +1

3.45 ± 1.0

42.94 ± 6.5

48.28 ± 13.6

8

25

10

700

+1 -1 +1

3.40 ± 0.6

65.81 ± 3.3

14.51 ± 6.8

9

25

30

400

+1 +1 -1

4.69 ± 1.2

64.83 ± 0.4

14.36 ± 4.7

10

20

20

550

0

0

2.49 ± 0.4

55.05 ± 15.7

48.50 ± 22.6

11

25

10

400

+1 -1 -1

2.74 ± 1.0

59.50 ± 5.3

16.32 ± 3.2

12

15

20

550

-1

0

0

3.60 ± 1.54

42.59 ± 8.7

48.07 ± 29.6

13

20

20

550

0

0

0

2.37 ± 0.4

56.40 ± 13.0

66.24 ± 18.9

14

20

10

550

0

-1

0

3.30 ± 1.0

59.38 ± 13.4

64.87 ± 4.0

15

20

20

550

0

0

0

3.01 ± 0.5

48.13 ± 20.9

44.29 ± 13.7

16

20

20

400

0

0

-1

2.44 ± 0.7

46.21 ± 5.9

30.68 ± 10.8

17

20

20

700

0

0

+1

1.99 ± 0.6

50.59 ± 15.2

54.44 ± 19.8

18

25

20

550

+1

0

0

3.42 ± 0.7

58.73 ± 6.6

45.63 ± 7.8

19

20

30

550

0

+1

0

3.11 ± 0.7

40.55 ± 4.3

36.8 ± 16.2

0

176

5.3.4.1

Response surface model validation

The complete data set for lipid production was fitted with a quadratic model as describe
in Eq. 3. However, only two-factor interaction (2FI) was observed for lysed cell in ELA
assay and the model was fitted as a 2FI model. The toxicity in GCA was fitted linearly.
The resulting model parameters for all three responses are presented in Table 5.3. The Fvalues of models are 6.10, 3.17, and 5.17 for lipid production, hemolytic activity and
toxicity of H. akashiwo, respectively. The F-values are very high compared to critical
values, implying that all three models are highly significant. The significance of each
parameter coefficient was determined by p-values. In this study, temperature has a
significant effect on toxicity of H. akashiwo while other factors did not show any
significant effect on any other response. The quadratic effect of temperature and salinity
and the interaction effect of temperature and salinity and salinity and CO2 level showed
significant effect on the lipid production of H. akashiwo. However, in hemolytic activity
of H. akashiwo, the interaction effect of temperature and CO2 level showed a significant
effect on the number of lysed cells.
"Adeq. precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. In
this case, the adeq. precision values are 9.635, 7.349, and 6.918 for lipid production, ELA
assay and GC assay, respectively, all greater than 4, indicating adequate signals. These
models can be used to navigate the design space. Based on the selected significant
variables, the models for lipid production, ELA assay and GC assay can be written in
terms of actual factors as follows:
Lipid content = + 7.97 – 1.88E-004 × salinity × CO2 level + 0.03 × temperature2 + 5.16E003 × salinity2
ELA assay = +147.69 + 7.85E-003 × Temperature × CO2 level
GCA assay = + 88.27 – 3.09 × temperature
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Table 5.3: Analysis of variance of fitted models for lipid production, lysed cell in
hemolytic activity (ELA), toxicity using gill cell line (GC) for H. akashiwo (n =3 ± SD).
Sum of

Remark

Model

Lipid

Sig.

6.39

9

0.71

6.10

0.009

ELA

Sig.

673.84

6

112.31

3.17

0.047

GCA

Sig.

2874.44

3

958.15

5.17

0.013

Lipid

0.18

1

0.18

1.55

0.248

ELA

136.18

1

136.18

3.84

0.076

2393.39

1

2393.39

12.90

0.003

Lipid

0.47

1

0.47

4.04

0.079

ELA

89.07

1

89.07

2.51

0.141

GCA

43.24

1

43.24

0.23

0.6367

Lipid

0.15

1

0.15

1.26

0.295

ELA

126.24

1

126.24

3.56

0.086

GCA

437.81

1

437.81

2.36

0.147

1.00

1

1.00

8.59

0.019

25.35

1

25.35

0.71

0.416

0.34

1

0.34

2.90

0.127

Sig.

277.06

1

277.06

7.81

0.017

Sig.

0.64

1

0.64

5.50

0.047

19.93

1

19.93

0.56

0.469

Sig.

1.79

1

1.79

15.40

0.0044

Sig.

0.70

1

0.70

6.01

0.040

0.58

1

0.58

4.97

0.056

X1

GCA
X2

X3

X1X2

Lipid

Sig.

Sig.

ELA

square

F- value

p-value

Response

squares

df

Mean

Source

Prob>F

GCA
X1X3

Lipid
ELA
GCA

X2X3

Lipid
ELA
GCA
Lipid

X12

ELA
GCA
Lipid

X22

ELA
GCA
Lipid

X32

ELA
GCA

R-squared

Lipid

0.873

ELA

0.633
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Adj. R-

GCA

0.525

Lipid

0.730

ELA

0.433

GCA

0.424

Lipid

9.635

ELA

7.349

GCA

6.918

squared

Adeq
precision
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5.3.4.2

Combined effect of temperature, salinity, and CO2 levels

Response surface methodology was used to study the interaction effects of the three
factors on lipid production, ELA assay to measure the percentage of lysed cells, and GC
assay to measure the toxicity of H. akashiwo. Surface plots of the combined effects of
temperature, salinity and CO2 level on lipid production, ELA assay and GC assay are
shown in Figure 5.7, 5.8, and 5.9, respectively. The plot in Figure 5.7 shows that an
optimum exists within the observed design space with respect to salinity, temperature and
CO2 level. Increasing the temperature and salinity, while keeping CO2 concentration fixed
at its middle level, appears to increase the lipid content over the observed design space,
though, the interaction effect of salinity and CO2 level indicates a negative effect. Figure
5.8 depicts the mutual effect of temperature and CO2 level on the hemolytic activity of H.
akashiwo at a constant salinity of 20. The percentage of lysed cell is a function of both
the temperature and CO2 level. The interactive effect between temperature, salinity, and
CO2 level on toxicity of H. akashiwo is demonstrated in Figure 5.9. The toxicity
increased with decreasing the experiment temperature in the range of 15 °C to 25 °C.

Figure 5.7: Surface plots of combined effect of process variables on lipid production of
H. akashiwo. (A) effect of salinity and temperature on lipid production and (B) effect of
salinity and CO2 level on lipid production.
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Figure 5.8: Surface plots of combined effect of temperature and CO2 concentration in
ELA assay and percentage of lysed cells after exposing to extracts from H. akashiwo.

Figure 5.9: Surface plots of combined effect of process variables on toxicity of H.
akashiwo. (A) effect of temperature and salinity and (B) effect of CO2 level and
temperature on toxicity.
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5.3.4.3

Response optimization and model validation

Based on the model, numerical optimization was used to determine the optimal
combination of process parameters for maximum lipid production in H. akashiwo. The
maximum level of lipid production was detected at 25 °C, salinity of 30 and CO2 level of
400 ppm. Similar temperature and salinity at a light intensity of 250 µmol photons m-2 s-1
was found to yield the maximum production of lipid in H. akashiwo in our pervious work
(Chapter 3). Increasing the temperature and reduction of N source has been reported as an
improvement treatment to increase the net neutral lipid production in H. akashiwo
(Fuentes-Grunewald et al., 2012).
The maximum erythrocyte lysed cells were detected when H. akashiwo cultures were
grown at 15 °C, salinity of 10 and CO2 concentration of 400 ppm. Rupturing the H.
akashiwo cells by sonicating improved the hemolytic activity of H. akashiwo while,
intact culture displayed lower or sometimes no hemolytic activity and the culture
supernatant revealed no hemolytic activity (Ling and Trick, 2010). Similar results were
reported by Kuroda et al. (2005) in ichthyotoxic raphidophyte C. marina which is closely
related to H. akashiwo, while the ruptured cell suspension expressed hemolytic activity,
neither the intact cell suspension nor the culture supernatant showed hemolytic activity.
Results reported by other research groups indicated that the hemolytic activity is light
dependent where hemolytic agents may exist in certain intracellular compartments in
both C. marina and H. akashiwo species (Kuroda et al., 2005; Ling and Trick, 2010). In
Fibrocapsa japonica (Raphidophyceae), the maximum level of hemolytic activity was
observed at a salinity of 16 which was the lowest salinity tested in the study (de Boer et
al., 2004)
The highest level of toxicity in gill cell assay was observed at 15 °C, salinity of 10 and
CO2 concentration of 700 ppm in this study. Ikeda et al. (2016) reported that the viability
of a rainbow trout cell line (RTgill-W1) decreased as the salinity decreased from 32 to
10. In another study, the ruptured cell suspension of C. marina showed a higher toxicity
compared to intact cell suspension (Dorantes-Aranda et al., 2011).
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To validate the applicability of response surface methodology (RSM) models,
confirmation experiments were performed in the range of estimated optimal conditions
and the results are presented in Table 5.4. Running T-test at 95 % confidence showed
very good agreement between predicted results and the actual values obtained
experimentally with no significant difference. In summary, the proposed RSM models are
useful models to predict maximum lipid production, hemolytic activity, and toxicity of H.
akashiwo.
Table 5.4: Optimum factor set for maximum lipid production, lysed cells and toxicity of
H. akashiwo based on the design of experiments–response surface methodology (DOE–
RSM) approach.
Responses

Temperature
(°C)

Salinity

CO2 level
(ppm)

Predicted

Experimental

Lipid production (µg ml-1)

25

30

400

4.66 ± 0.34

4.69 ± 0.74

Lysed cells (%)

15

10

400

63.41 ± 5.96

71.00 ± 11.65

Toxicity (%)

15

10

700

70.66 ± 13.62

79.73 ± 8.95

5.3.5

Relation between various responses

Data for lipid production showed correlation coefficients (R) of 0.67, and - 0.09, with pvalues of 0.006 and 0.73, with the percentage of lysed cells and toxicity, respectively,
Figure 5.10. This suggests there is a positive correlation between lipid and percentage of
lysed cells, Figure 5.10-A. No correlation was observed for lipid production versus
toxicity, Figure 5.10-B.
Rupturing the bilayer cell membrane of microalgae enhanced the hemolytic activity,
indicating that the hemolytic agents probably include membrane-bound components
(Kuroda et al., 2005; Ling and Trick, 2010). Although the chemical structure of
hemolytic compounds of H. akashiwo have not been isolated yet, the isolated hemolytic
compounds from C. marina (Kuroda et al., 2005), and F. japonica (Fu et al., 2004) were
characterized as polyunsaturated fatty acids (PUFAs).
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The relation between lysed cells and toxicity was calculated and the Pearson’s correlation
coefficient of -0.02 with a p-value of 0.9 presented no correlation between these two
different responses in H. akashiwo (Figure 5.11). The three lowest toxicity levels which
showed a toxicity less than 20 % (Figure 5.11), belong to the cultures grown at 25 °C,
salinity of 30 and CO2 level of 400 ppm, salinity of 10 and CO2 level of 700 ppm, and
salinity of 10 and CO2 level of 400 ppm.

184

Figure 5.10: Relation between lipid and lysed cells (A) and lipid and GCA toxicity (B) in
H. akashiwo grown under the defined conditions.
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Figure 5.11: Correlation between lysed cells and toxicity in H. akashiwo.

5.4 Discussion
The economic loss as a result of fish kills by H. akashiwo in aquaculture facilities around
the world is substantial (Hallegraeff et al., 2016). The toxicity measurement in H.
akashiwo is a complicated process and researchers have used different methods to
measure toxins produced by this species. The mortality of caged fish in bloom areas is a
common indication of the presence of harmful algal blooms (Chang et al., 1990).
However, different toxicological mechanisms of fish mortality by H. akashiwo and other
fish-killing flagellates have been reported such as excessive mucus secretion by the algae
(Chang et al., 1990), production of reactive oxygen species (ROS) (Yang et al., 1995;
Twiner and Trick, 2000), production of brevetoxin-like neurotoxin compounds causing
cardiac disorder or gill damage (Khan et al., 1997), and production of hemolytic agents
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(Ling and Trick, 2010) that were characterized as polyunsaturated fatty acids (PUFAs)
when isolated from C. marina (Kuroda et al., 2005), and F. japonica (Fu et al., 2004).
Various approaches have been employed to measure the toxin such as using whole the
organism, larva, gill cell degeneration, neurological damage, hemolytic activity, and cell
permeability. In this experiment, we employed sensitive gill cell line, RTgill-W1, and
rabbit erythrocytes to measure the toxicity and hemolytic activity of H. akashiwo under
present and future environmental conditions. DOE approach was used to simultaneously
measure the effect of salinity, temperature, and pCO2 on the lipid production, hemolytic
activity, and toxicity assay using gill cell line. The interaction effect of three parameters
were investigated at the same time and in a systematic way which is an advantage of the
present work over previous studies with OFAT approach in which the interaction effects
of factors are typically missed. This will allow us to predict the impact of various
environmental parameters on the occurrence and degree of toxicity of H. akashiwo,
crucial to the environment, aquaculture facilities, and public health.

5.4.1

Lipid production in Heterosigma akashiwo

Lipids are the main source of energy and essential nutrients for primary consumers in
aquatic (Guschina and Harwood, 2009) as well as terrestrial ecosystems (Gladyshev et
al., 2013). Based on the stoichiometry theory, the availability of resources and chemical
elements affect the production, elemental structure, and cellular content of biomolecules.
For example, under nutrient limitation conditions, phytoplankton convert the additional
energy and newly synthesized organic carbon into carbon-rich molecules such as lipids
(Van de Waal et al., 2014). To understand lipid production by H. akashiwo under more
realistic environmental conditions, multiple environmental parameters are required to be
studied simultaneously. For this purpose, the DOE approach was employed. A
colorimetric method in a 96-well plate was used to measure the lipid content in our
samples using a lipophilic Nile Red dye. Our experimental data revealed that the
interaction effect of salinity and temperature, and the quadratic effect of temperature had
a significant effect on the lipid production under the defined conditions employed in this
work. Heat stress may cause a change in the phase of the lipid bilayer of H. akashiwo
(Dingman and Lawrence, 2012). Increasing the temperature and reducing the nitrogen
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concentration improved the net neutral lipid production, especially triacylglycerol, (TAG)
in H. akashiwo (Fuentes-Grunewald et al., 2012). This amount was higher in stationary
phase compared to other growth phases (Fuentes-Grunewald et al., 2012). Although our
work did not focus on the effect of nitrogen on lipid production of H. akashiwo, the
results in this study and pervious experiments (Chapter 3) both confirmed that lipid
production is a function of temperature and increasing water temperature improves the
lipid production in this species. However, in this study for the first time we detected that
the interaction effect of temperature and salinity showed a significant effect as well,
(Figure 5.3 and Figure 5.7).
Salinity was another parameter that showed a significant impact on lipid production of H.
akashiwo when increased. The interaction of salinity with temperature and pCO2
presented a significant effect as well. In our previous study (Chapter 3), samples grown
under a high salinity and temperature produced more lipid, in line with our current
results. This could be explained by the global change in surface ocean stratification which
shows the highest impact in mid-latitude regions where phytoplankton are typically
nutrient-limited (Behrenfeld et al., 2006; Doney, 2006). This limitation in nutrients can
change the path of excess energy and synthesized organic carbon into C-rich molecules
such as lipid (Van de Waal et al., 2014).
As a consequence of increased absorption of CO2 from atmosphere, the pH level in the
oceans is declining and the water is becoming more acidified (Caldeira and Wickett,
2003). Our results demonstrated that the lowest pCO2 used in this work, which is the
present-day CO2 concentration of 400 ppm in the atmosphere, showed a significant effect
on the lipid production of H. akashiwo upon interaction with salinity. It was reported by
Bianco et al. (2016) that H. akashiwo cultures grown using a CO2 and NO gas mixture
showed 17 and 12 % decrease in the lipid content and poly-unsaturated fatty acid,
respectively, as the light intensity increased to 1200 µmol quanta m-2 s-1 (Bianco et al.,
2016). Their work focused on light as the main factor and its effect on the lipid
production in H. akashiwo was reported. However, in the current study a fixed light
intensity was used with CO2 gas, without any nitrogen addition. The reduction of pH in
water, caused by the acidification due to increased atmospheric CO2, seems to affect the
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H. akashiwo lipid production. The reduction in pH influences the cell metabolism by
altering cellular membrane, enzyme activity, and energy input (Beardall and Raven,
2004; Giordano et al., 2005). Unfortunately, we were not able to measure the pH of our
samples directly due to set-up limitations and sample size volume necessary to measure
pH daily.

5.4.2

Hemolytic activity of Heterosigma akashiwo

The hemolytic activity of H. akashiwo has been proposed as a proxy to measure toxicity
by Ling and Trick (2010). The effect of environmental parameters on the hemolytic
activity of H. akashiwo was reported by Ling and Trick (2010), and Mohamed and AlShehri (2012). However, the impact of multiple environmental stressors was studied for
the first time in this study.
To measure the hemolytic activity of H. akashiwo, rabbit erythrocytes were employed.
Rabbit erythrocytes are more sensitive to hemolysin in comparison with guinea pig,
mouse, rat, cattle, sheep, or human (Oda et al., 2001; Kuroda et al., 2005; Wang et al.,
2007). Hemolytic activity of lysed rabbit erythrocytes was analyzed photometrically from
300 to 800 nm. The maximum peak for lysed rabbit erythrocytes was detected at 414 nm
(Figure 5.4). The quantification of hemolytic activity was detected at this wavelength
because it exhibited a high sensitivity to the bioassay, did not interfere with the
absorption of algal samples, and showed a linear trend with lysed rabbit erythrocytes.
In order to have a high throughput bioassay and process a large number of samples in a
fast manner and reduce sample volumes, a 96-well plate was used. The plates were sealed
and incubated at the same temperature and light used for growing the cultures,
representing real bloom conditions.
The results by other researchers showed that the hemolytic activity was light dependent
(Kuroda et al., 2005; Ling and Trick, 2010), and reduced as the samples aged (Ling and
Trick, 2010), therefore, erythrocyte cells preparation was performed in dim light.
However, we did not investigate the effect of light intensity in this study.
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The hemolytic activity of H. akashiwo was improved as the cells were ruptured using
sonication (Ling and Trick, 2010). H. akashiwo collected from Red Sea waters off the
coasts of Saudi Arabia, showed higher hematolytic activity in bloom samples compared
to the batch cultures (Mohamed and Sheheri, 2012). Methanol extraction of toxin
revealed higher hemolytic activity compared to aqueous solutions (Kuroda et al., 2005;
Mohamed and Sheheri, 2012). The results confirmed that the hemolytic agents probably
include membrane-bound components and damaging the cell membrane enhanced the
hemolytic activity (Kuroda et al., 2005; Ling and Trick, 2010). To rupture the cells,
samples were centrifuged and then sonicated. The sonicated samples were frozen and
thawed to measure the hemolytic activity of the cells. This procedure improved the
extraction efficiency.
We identified that more than 70 % lysed cells were observed when the temperature,
salinity and CO2 level were at the lowest extremes, and the interaction effect between
temperature and CO2 level showed a significant effect on the lysed cells (Figure 5.8).
Reduction in temperature and CO2 presented the maximum level of lysed cells in rabbit
erythrocytes when exposed to H. akashiwo cells. By increasing the temperature and CO2
the number of lysed cells increased as well. Contrary to our findings about the influence
of temperature on the hemolytic activity of H. akashiwo, a study by Ling and Trick
(2010) showed no significant effect of incubation temperature on the hemolytic activity
of H. akashiwo.
The effect of ocean acidification as a result of absorption of atmospheric CO2 on the
toxin production of phytoplankton is still a conundrum. However, toxin production could
be affected by subtle shifts in metabolic process (Wells et al., 2015). Our data showed
that pCO2 did not show any significant impact on the hemolytic activity of H. akashiwo
by itself, but its interaction with temperature showed a significant effect. This suggests
that temperature can possibly act as a trigger in combination with CO2, thus affecting the
hemolytic activity of H. akashiwo.
Salinity showed a significant effect on the hemolytic activity of F. japonica. The lowest
salinity was found to produce the highest hemolytic activity in this species (de Boer et al.,
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2004). Lower salinities showed more lysed cells in our study as well, however, it was not
a parameter with a significant effect on hemolytic activity of H. akashiwo.
A strong correlation was not detected between lipid production and hemolytic activity of
H. akashiwo samples (Figure 5.10-A). It should be considered that nutrient stress can
stimulate lipid production in the cells (Van de Waal et al., 2014). Although our samples
were collected a few days after stationary phase was reached, the nutrient in the media
might not have been limited enough to produce more lipid.

5.4.3

Toxicity effect of Heterosigma akashiwo using gill cells

In the present work, the commercially available gill cell line, RTgill-W1, isolated from
rainbow trout (Oncorhynchus mykiss) gills was used. These cell lines showed a high
sensitivity to the toxin produced by HABs species compared to the whole fish. In
addition, this bioassay has not raised ethical concerns while saving time, resources, and
money (Dorantes-Aranda et al., 2011). This work is the first attempt to study the effect of
multiple environmental stressors on the toxicity of H. akashiwo using gill cell line.
Our results showed that only temperature had a significant effect on the mortality of the
gill cell lines when they were exposed to H. akashiwo cells. Reducing the temperature
from 25 °C to 15 °C revealed a significant impact on the toxicity of cells and therefore,
mortality in gill cell lines. Global warming affects the surface water temperature and
alters seasonal patterns, typically resulting in the spring starting earlier (Wells et al.,
2015). The shift in spring timing can influence blooms. With the onset of spring, the
water temperature starts to increase, and salinity is low in higher latitudes due to an
increase in runoff water and snow pack melt (Rensel, 2007). These conditions can trigger
the toxic harmful blooms of H. akashiwo and increase their occurrence in these areas.
Severe blooms were observed in English Bay, B.C., Canada at salinity of 15 and 15 °C
(Rensel, 2007).
Lower salinity and highest CO2 level in our study showed the highest gill cell mortality
but the impact of these parameters was not significant. At 20 °C, under similar CO2
concentration, the toxicity enhanced as the salinity reduced. Ikeda et al. (2016) reported
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the toxicity of H. akashiwo is a function of salinity and increased as the salinity decreased
from 32 to 10. Furthermore, the authors observed the highest toxicity at the lowest
temperature, 14.7 °C, for various salinity ranges from 10 to 32, (Ikeda et al., 2016) in the
mid-stationary growth phase of H. akashiwo, following the depletion of external N
reserves (Cochlan et al., 2012). To the best knowledge of authors, no study has been
performed to investigate the effect of pCO2 and ocean acidification due to climate change
on the toxicity of H. akashiwo. However, Wells et al. (2015) stated that any change in the
metabolic processes as a result of pCO2 and low pH can affect the toxin production as a
by-product of phytoplankton including H. akashiwo.
No correlation was detected between the lipid production and toxicity of H. akashiwo
using gill cell line bioassay (Figure 5.10-B) in this study. However, it was reported by
Dorantes-Aranda et al. (2015), that H. akashiwo toxin are composed of hydrophobic
compounds such as fatty acids because H. akashiwo showed highly toxic characteristics
when methanol or acetone was used to extract the toxin, while the aqueous extract did not
impact the gill cell viability. This may explain why no correlation was detected in this
study.

5.5 Conclusions
The interaction effect of three parameters were investigated simultaneously and in a
systematic way which is an advantage of the present work over previous studies with
OFAT approach in which the interaction effects of factors are typically missed. This will
allow us to predict the impact of various environmental parameters on the occurrence and
degree of toxicity of H. akashiwo, crucial to the environment, aquaculture facilities, and
public health.
The obtained results confirmed that design of experiment (DOE) is a more efficient
approach compared to one factor at a time (OFAT) and can be successfully used to find
the optimum lipid production, the percentage of lysed cells, and the percentage of toxicity
in H. akashiwo under various ranges of salinity, temperature and CO2 level concentration.
As a consequence of global climate change in coastal regions worldwide, temperature,
salinity, and CO2 level will change, and these changes can affect the presence of HABs in
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these ecosystems. The occurrence of earlier blooms of H. akashiwo in the west coast of
the United States and Canada may happen in low salinity conditions earlier in the season
with an increase in ambient temperatures (Ikeda et al., 2016). The results in this study
showed the greatest toxicity in lower salinity provides a refuge from predation (Strom et
al., 2013). A cooler temperature improved H. akashiwo cytotoxicity significantly. The
model predicted that the elevated level of CO2 had a positive impact on the cytotoxicity
effect when RTgill-W1 was used. The possibility to employ a continuous supply of cells,
low sample volume, easy sample preparation, rapid test time, and ability to test a large
number of samples are the main advantages of using RTgill-W1 (Dayeh et al., 2005) over
routine toxicity assays and make this bioassay an appropriate method for toxicity
measurements.
The hemolytic components appear to have a positive correlation with lipid production in
H. akashiwo under the defined experimental conditions, which may be PUFAs related
with membrane fractions that are released upon cell lysis. No correlation was detected
between lipid and toxicity and lysed cells and toxicity.
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Chapter 6

6

Conclusion and future work

6.1 Conclusions
Heterosigma akashiwo is a golden-brown raphidophyte with high potential to cause
severe harmful algal blooms in temperate coastal waters around the world, resulting in
thousands to millions of fish and shellfish death per bloom (Rensel, 2007). Various
physical factors including, temperature, salinity, light, water column stratification,
nutrient concentration, and eutrophication have been reported to have the most impact on
the growth of this harmful alga (Hershberger et al., 1997; Ono et al, 2000; Haque and
Onoue, 2002; Rensel, 2007; Martinez et al., 2010). The major focus of the work
presented in this thesis has been to investigate the effect of multi-environmental stressors
on the growth and toxicity of H. akashiwo using the Design of Experiment (DOE)
approach in order to assess the survival ship and toxicity of this species in the future
ocean.
As climate change impacts several variables, experimental approaches must be modified
to include both primary and interaction factors. To investigate the effect of two or more
factors on a similar response, it is more beneficial to employ design of experiment (DOE)
instead of the common method typically used, one-factor-at-a- time (OFAT), where only
one factor is changed at a time while the rest of them are fixed (Czitrom, 1999; Frey and
Jugulum, 2005). Besides, less resources such as experiments, time and materials are
required when employing DOE to estimate the effect of each factor in a more precise
manner (Czitrom, 1999). The experimental information belongs to the larger region of the
factors space, while the interaction between the factors can be estimated more
systematically (Czitrom, 1999). Our experimental results showed that the DOE approach
is an appropriate method to investigate the effect of multi-environmental factors on the
growth and toxicity of H. akashiwo (Chapter 2, 3, 4, and 5).
Environmental factors such as salinity, light, and temperature are commonly considered
as drivers of bloom initiation (Anderson et al., 2012). Moreover, these parameters can be
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affected by global warming and climate change, which are considered as the driving force
for the increase in the occurrence of harmful algal blooms in the past decades (Moore et
al., 2008; Wells et al., 2015). As a consequence of these phenomena, the temperature is
increasing. Over the time period of 1880 to 2012, the globally averaged combined land
and ocean surface temperature showed a warming of 0.85 (0.65 to 1.06) °C (IPCC, 2013),
thus affecting the salinity level in aquatic ecosystems (Moore et al., 2008; IPCC, 2013).
Temperature is known as the major factor for cyst survival, germination, and growth of
the vegetative cells in H. akashiwo (Hallegraeff, 2010; Martinez et al., 2010), while
salinity variations can affect important physiological parameters such as toxicity (Haque
and Onoue, 2002), motility (Bearon et al., 2006) and sinking (Powers et al., 2012) in this
raphidophyte. In addition, higher CO2 in the atmosphere gives rise to the absorption of
CO2 in waters and reduces the pH, thus increasing the acidity level in the oceans (Raven
et al., 2005). The effect of anthropogenic climate change and global warming, which are
associated with the risk of fundamental and irreversible ecological transformations in
marine ecosystems, has been poorly studied (Moore et al., 2008; Hoegh-Guldberg and
Bruno, 2010). The practical significance of this study lays in understanding multi-stressor
environmental factors on the growth and toxicity of H. akashiwo. Our results suggest that
the optimum condition for maximum growth rate and doublings per day of H. akashiwo,
studied at a temperature range between 15 and 25 °C, salinity range of 5-30 and light
irradiance of 30-250 µmol photons m-2 s-1 occurred at 25 °C, a salinity of 20.5, and light
irradiance of 200 µmol photons m-2 s-1 (Chapter 2). However, when the future
environmental conditions were simulated, a temperature range of 15 °C to 25 °C, salinity
of 10 to 30 and CO2 concentration ranging from 400 to 700 ppm, the highest amount of
growth rate was observed at 25 °C, salinity of 30 and CO2 level of 400 ppm (Chapter 4).
In an experiment performed at a temperature range of 15-25 °C, salinity of 2 to 30 and
light intensity of 30 to 250 µmol photons m-2 s-1, temperature presented a significant
effect on H. akashiwo growth as well, suggesting that the growth of H. akashiwo is
enhanced as the water warms up under these conditions.
Our model predicted the highest amount of growth at a lower salinity (20.5) in the first
experiment (Chapter 2) which is in agreement with the OFAT experiments performed by
other researchers (Haque and Onoue, 2002; Ikeda et al., 2016). However, when CO2
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concentration, which is increasing in the atmosphere, was added to the system as a
parameter, the highest level of salinity and temperature in combination with the presentday CO2 concentration presented the highest level of the growth (Chapter 4). The CO2
concentration was found to play a significant role when it was combined with
temperature and salinity. H. akashiwo growth showed a degree of sensitivity to CO2
concentration, however, its growth showed an improvement at higher temperatures and
salinity levels.
The effect of aforementioned multi-environmental stressors on the nutrient use
efficiency, known as yield (Lipson, 2015), was also investigated. When temperature,
salinity and light were the major variables, the highest yield was detected at 25 °C, a
salinity of 30, and light intensity of 250 µmol photons m-2 s-1 (Chapter 2). On the other
hand, when salinity, temperature and CO2 concentration were the major variables, the
maximum yield was recorded at 25 °C, salinity of 20 and CO2 level of 700 ppm (Chapter
4). Similar to growth response, the yield production was maximized at the highest
extreme level of the temperature and this factor showed a significant impact on yield
production in both experiments. Based on the obtained data, we can hypothesize that
warmer water body temperatures will lead to an increase in the growth and yield
production of H. akashiwo. Similar results regarding the effect of temperature on the
growth of H. akashiwo was reported by previous researchers (Ikeda et al., 2016). There
existed a positive correlation between yield and specific growth rate under the
aforementioned conditions.
H. akashiwo is a markedly euryhaline species (Strom et al., 2013). To adapt quickly to
the range of salinities characteristically encountered in their natural environments and to
maintain the turgor pressure without damaging the cell structure, H. akashiwo should
alter the permeability of the cell membrane through an energetic mechanism (Krist, 1989;
Zhang et al., 2006; Ikeda et al., 2016). Cell permeability was measured at different
salinities using SYTOX Green dye. In both experiments performed in Chapter 2 and 4,
the maximum cell permeability was detected at lowest extremes (15 °C, a salinity of 5,
and light intensity of 30 µmol photons m-2 s-1 (Chapter 2) and 15 °C, salinity of 10 and
CO2 concentration of 400 ppm (Chapter 4)). In both experiments, salinity showed a
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significant effect on the cellular permeability of H. akashiwo. This trend may be
associated with the osmotic acclimation process, which has two phases (Krist, 1989). The
first phase is short (5–10 seconds) and metabolically not controlled and characterized by
massive water flux in or out of the organism in response to the osmotic gradient. The
second phase represents the osmotic adjustment and occurs over longer time spans (40–
120 minutes). This phase is the metabolically controlled process to achieve a preferred
steady state turgor pressure by regulating ions (e.g., K+, Na+, Cl-) and organic osmolytes
(Krist, 1989). The elasticity character of the cell wall plays a key role in maintaining the
turgor pressure without damaging the cell structure (Philip, 1958). Lack of thick cell wall
in H. akashiwo (Imai et al. 1993) may lead to low elastic modulus (Ɛ) which prevents
excessive pressure on the cell wall during the first phase of osmotic acclimation (Kirst
1989) and higher resistance to short-term fluctuations in salinity (Zimmermann, 1978).
No correlation was observed between the cellular permeability and growth rate or yield in
the first experiment (Chapter 2), however, in the second experiment (Chapter 4) a
negative correlation was observed between cell permeability and yield of H. akashiwo,
while an insignificant correlation was detected between cell permeability and growth rate.
To measure the toxicity of H. akashiwo, three different methods were considered.
Saccharomyces cerevisiae was used for the first time as a cell bio-model to measure the
toxicity of H. akashiwo instead of whole-organism assessment (Ishimatsu et al., 1996;
Nakamura et al., 1998; Ono et al, 2000; Mohamed and Sheheri, 2012; Powers et al.,
2012; Astuya et al., 2015). The rationale behind selecting yeast as a cell bio-model
organism is that it is a commonly used organism, easy to maintain bioassay species, and
free from ethical concerns but sensitive to a wide array of metabolic and membranemodulating agents (Engler et al., 1999). The procedure is quicker in comparison with
other approaches and requires a lower volume of samples for toxicity measurement.
Moreover, sample preparation is easy and large numbers of samples can be tested at the
same time, saving resources and money and reducing labour. The optimum conditions to
reach the maximum level of toxicity was obtained when the cultures were grown at 25
°C, salinity of 17.5 and light intensity of 250 µmol photons m-2 s-1. Rupturing H.
akashiwo cell membrane enhanced yeast mortality (Chapter 3). This suggests toxin is
located in the cellular compartment of cells and mechanical cell disruption methods can
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facilitate more toxin release. Positive correlation was found between cell permeability
and toxicity of H. akashiwo under the conditions chosen for this study, which is in
agreement with Ikeda et al. (2016) work.
Hemolytic activity and gill cell assay were used as the other two alternative techniques to
assess the toxicity of H. akashiwo. The hemolytic activity and toxicity of H. akashiwo
were tracked using rabbit erythrocytes and RTgill-W1, respectively. Temperature of 15
°C, salinity of 10 and 400 ppm CO2 concentration showed the highest amount of
hemolytic activity while the maximum level of toxicity was detected at 15 °C, salinity of
10, and a CO2 level of 700 ppm (Chapter 5). The results showed both responses were
maximum at the lowest extremes of temperature and salinity in this study, while the CO2
level was at the lowest end for hemolytic activity and was at the highest level for toxicity.
In the west coast of United States and Canada, the occurrence of earlier blooms of H.
akashiwo may occur in low salinity conditions earlier in the season with an increase in
the ambient temperatures (Ikeda et al., 2016). Based on the obtained data in this study
(Chapter 5), the greatest toxicity was detected at low salinity. This implies that toxic
blooms can occur easily in waters with low salinities in which H. akashiwo experiences a
lower predation pressure (Strom et al., 2013). The cytotoxicity of H. akashiwo increased
in cooler temperatures significantly. Both bioassays are rapid, sensitive and require low
sample volume compared to the routine toxicity assays.
The protein and lipid content of H. akashiwo increased as the temperature increased up to
25 °C, salinity of 30, and light intensity of 250 µmol photons m-2 s-1 linearly (Chapter 3).
Ruptured cells revealed higher amount of lipid and protein compared with intact cells.
Positive correlations between lipid and protein content of H. akashiwo with yeast
mortality were also detected (Chapter 3). This suggests that the toxin produced by H.
akashiwo may have lipid or protein characteristics. It was reported that the glycoproteins
with allelopathic effect, bound to the cell surface of competitors such as diatom
(Skeletonema costatum) and displayed an inhibitory effect (Yamasaki et al., 2009).
On the other hand, the highest amount of lipid was detected in the present-day
atmospheric CO2 concentration, while the highest level of salinity and temperature played
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a significant role in lipid production (Chapter 5) similar to our findings presented in a
separate study in Chapter 3. Correlating these data with the total amount of lipid in this
study revealed a positive connection between lipid content and hemolytic activity of H.
akashiwo, suggesting these hemolytic agents may be polyunsaturated fatty acids
(PUFAs). Similar hemolytic compounds were isolated and categorized as polyunsaturated
fatty acids (PUFAs) from other raphidophytes (Fu et al., 2004; Kuroda et al., 2005). No
correlation was detected between lipid content and gill cell toxicity assay under the
aforementioned conditions.
From this assessment, climate change variables such as CO2 will not have a direct impact
on growth or toxicity. In contrast, temperature and a reduction of salinity increases
survival and toxicity of this species. As such, coastal waters that become stable (i.e.
warmer), entrapping freshwater with saline waters will serve as a perfect, and perfectly
toxic, environmental niche.
To develop and improve quantitative predictive models for harmful algal blooms, which
are currently still in their infancy, and to evaluate our understanding of the effect of
environmental multi-stressors on bloom formation and toxicity of HABs species,
multifactorial experiments can provide valuable information. In this process, the results
from multifactorial experiments can be used in global models to investigate if
ecologically realistic results are obtained (Wells et al., 2015).

6.2 Future work
The Design of Experiments (DOE) approach is a new method in the field of studying
harmful algal blooms (HABs) formation and toxicity. This approach is rapid and
efficient, and our data showed that it is a useful and appropriate method to determine
different responses related to the formation and toxicity of HABs under various
conditions. This approach can be used to evaluate optimized conditions under which
maximum growth and toxicity occur for different species under various environmental
conditions.
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Other parameters that require further investigation to understand their impact on the
bloom formation and toxicity of H. akashiwo are micronutrients such as B vitamins and
iron. Regarding the B vitamins, our knowledge about the factors controlling their
synthesis, ambient concentrations, and uptake in the marine environment is limited and
requires further studies. How these micronutrients can affect the bloom formation of H.
akashiwo is not clear and more investigation is required to show the role of these
micronutrients in the bloom formation and toxicity of H. akashiwo.
To reduce the risk of poisoning by consuming or inhaling the produced toxins of different
HABs species in human beings, various types of human cell lines such as human
neuroblastoma, human embryo kidney, and human fetal lung can be used. Zebra fish
embryo can be employed to study the neurological disorders or fetal malformation as a
result of exposure to toxins produced by HABs species.
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Appendices
Appendix A
A
A.1

Yeast cell as a bio-model for measuring the toxicity of
fish killing flagellates.
Introduction

Harmful algal blooms (HABs) are a major universal threat with significant impact on
ecosystem, public health, tourism and fisheries (Anderson et al., 2012). The frequency of
HABs has been increased in the past few decades as a result of climate change, and
cultural eutrophication from domestic, industrial and agricultural wastes (Hallegraeff,
1993; Hallegraeff, 2010; Wells et al., 2015). Among different phytoplankton species
which are able to form HABs, flagellate species represent 90 % and, dinoflagellates
represent 75 % (45-60 taxa) of all HABs species (Smayda, 1997a).
The mechanism of harmful species which can cause mortality or physiological
impairment categorized to two general types; mechanical and physical damage, and
chemical damage (Smayda, 1997b). A non-toxic bloom-forming algal species
accumulates a high biomass, and results in surface water discoloration and kills both fish
and invertebrates due to oxygen depletion or starvation (Hallegraeff, 1993; Smayda,
1997b; Hallegraeff, 2010). The oxygen depletion may be caused by a high respiration
rate of algae during night or in dim light during the day or by bacteria during the decay of
the bloom (Hallegraeff, 1993). Chemical damage happens through production of potent
toxins which can accumulate or transfer through the food chain to humans via shellfish
and fish consumption (Hallegraeff, 1993; Backer et al., 2005; Isbister and Kiernan, 2005;
Watkins et al., 2008). The toxin can cause gastrointestinal and neurological illnesses,
such as paralytic shellfish poisoning (PSP) (Isbister and Kiernan, 2005; Watkins et al.,
2008), diarrhetic shellfish poisoning (DSP) (Hallegraeff, 1993; Wells et al., 2015),
amnesic shellfish poisoning (ASP) (Hallegraeff, 1993; Hallegraeff, 2010), ciguatera fish
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food poisoning (Achaibar et al., 2007), and neurotoxic shellfish poisoning (NSP)
(Watkins et al., 2008).
There are also a limited number of species with HAB attributes that are able to damage
fish and invertebrates particularly and therefore can cause great economic losses. Genera
Prymnesium, Chrysochromulina and Phaeocystis from prymnesiophytes and Chattonella,
Heterosigma and Fibrocapsa from raphidophytes belong to this category (Edvardsen and
Imai, 2006).
Heterosigma akashiwo and Prymnesium parvum are two golden-brown flagellate species
from raphidophyte and prymnesiophyte classes, respectively. These two active fish killers
have a high potential to kill thousand to millions of fish per bloom. The blooms of H.
akashiwo are sporadic and have been reported in Canada and the United States
(Hershberger et al., 1997; Rensel and Whyte, 2003; O’Halloran et al., 2006; Rensel et al.,
2010), Mexico (Livingston, 2007), Japan (Ono et al., 2000; Haque and Onoue, 2002),
Chile (Clement and Lembeye, 1993), China (Tseng et al., 1993), New Zealand (Chang et
al., 1990) and Norway (Pettersson and Pozdnyakov, 2013). However, the blooms of
Prymnesium parvum, widely distributed throughout temperate regions, have been
reported frequently in Israel (Ulitzur and Shilo, 1966), England (Holdway et al., 1978),
Norway (Kaartvedt et al., 1991), China (Guo et al., 1996), Tunis (Probert and Fresnel,
2007), and United States (Roelke et al., 2011). Although these two species are
taxonomically separated from each other, they apparently have a similar fashion to kill
fish.
The toxicity mechanisms of these types of flagellates are controversial and unresolved.
Scientists have suggested the following mechanisms as active procedures to kill fish: a)
mucus secretion causes fish asphyxiation by covering the gill cells (Chang et al., 1990),
b) neurotoxins or cardiotoxins result in respiratory and/or cardiac paralysis (Khan et al.,
1997; Ono et al., 2000), c) reactive oxygen species (ROS) production alters gill structure
and function (Yang et al., 1995; Twiner and Trick, 2000; Hallegraeff, 2010), and d)
hemolysis compounds cause blood cell lysis (Hallegraeff, 1993; Neely and Campbell,
2006; Ling and Trick, 2010).
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To measure the ichthyotoxic effect of these flagellates, the most common bioassay is to
use different fish strains or species with different ages (larvae, juveniles or adults), and
varying exposure times. Some of the routinely used species are brine shrimp; Artemia
salina (Mohamed and Sheheri, 2012; Powers et al., 2012; Astuya et al., 2015), Japanese
sea bream; Pagrus major (Endo et al., 1988; Endo et al., 1992; Nakamura et al., 1998;
Ono et al., 2000), and yellowtail; Seriola guinqueradiata (Shimada et al., 1983; Endo et
al., 1985; Ishimatsu et al., 1996). Using mouse as a bioassay model has been debatable
since it was first used because of the unreliability and ethical issues associated with it
(Botana et al., 2009; Stewart and McLeod, 2014). Various cell lines obtained from
different animals including mouse (Manger et al., 1993), rat (Astuya et al., 2015), fish gill
cells (Ikeda et al., 2016) or human tissues such as HepG2 (human hepatoma cell line)
(Zegura et al., 2003) or Caco-2 (human colon carcinoma cell line) (Bazin et al., 2010) are
recommended and have been used to measure different types of toxins produced by algal
bloom species. Using whole organisms or their cell lines as a bioassay model for
ichthyotoxicity measurement obligates prolonged exposure or follow-up periods, and
therefore increases the errors in evaluation. Also, the high cost of these types of bioassays
is a serious concern (Powers et al., 2012; McCall et al., 2014). Therefore, finding a
biological cell model to measure the cytotoxins in a reliable, fast and inexpensive manner
is very beneficial and highly demanded.
For this purpose, in this study, yeast cells (Saccharomyces cerevisiae); which are widely
used as eukaryotic model organisms (Karathia et al., 2011); have been proposed.
Culturing and maintenance of Saccharomyces cerevisiae is simple and rapid, and it is
also free from ethical objections. In addition, it is sensitive to a broad range of toxic
substances and economically affordable (Engler et al., 1999).

A.2

Materials and methods

A.2.1

Cultures

Non-axenic strain of Heterosigma akashiwo (NWFSC-513), isolated in 2010 from Clam
Bay, WA, USA, and Prymnesium parvum (UTEX LB 2827) isolated from near

213

Charleston, SC, USA in 2002 and purchased from the UTEX collection (University of
Texas at Austin), were used in this study.
The stock cultures for H. akashiwo and P. parvum were maintained in f/2 and f/20 (minus
Si) medium, respectively, complemented by artificial seawater medium (ESAW)
(Harrison and Berges, 2005) in a 250 ml Erlenmeyer flask at 20 ± 1 ºC and under a
continuous white fluorescent light intensity of 80 ± 5 µmol photons m-2 sec-1.
Saccharomyces cerevisiae was grown at room temperature in YPD medium (1 % yeast
extract, 2 % peptone, 2 % dextrose, 2 % agar) (all w/v) for 15 ± 1 hours.

A.2.2

Algal sample preparation

In order to measure the toxicity of both strains, algal samples were prepared from
exponentially growing cultures (4-5 days after inoculation). Then the samples were
prepared as follows:
•

Sample A: Intact cells (viable cells and extracellular material) of both species.

•

Sample B: Ultrasonic rupture cells suspensions, which were obtained by
sonicating 7 ml culture suspensions in an ice bath with a continuous output power
of 9 for 1 min with a Virsonic 100 Ultrasonic Cell Disrupter (VirTis Company,
Gardiner, NY).

•

Sample C: culture supernatants were prepared by centrifuging a 7 ml sample,
using 15 mL falcon centrifuge tubes in a Beckman GH-3.8/GH-3.8A swing-out
rotor (Beckman Coulter, Fullerton, CA) at 500 xg for 10 min at 4 °C.

•

Sample D: resuspended, sonicated pellets, were resuspended in artificial sea water
(ASW) and sonicated for 1 minute with a continuous output power of 9.

•

Sample E: Sample D supernatants, were prepared by centrifuging sample D at
6100 xg for 15 minutes at 4 °C.

•

Sample F: Sample B supernatants, were obtained by centrifuging sample B at 500
xg for 10 minutes at 4 °C.

•

Sample G: resuspened, sonicated pellets from sample B, sonicated with similar
output power for sample B and D.
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•

Sample H: Sample F supernatants, were attained by centrifuging at 6100 xg for 15
min at 4 °C.

•

Sample I: resuspened, sonicated pellets from sample F, with similar power for
pervious samples.

Algal sample preparation procedure is outlined in Figure A.1.

Figure A.1: Summary of algal samples preparation.
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A.2.3

Toxicity measurement

To measure toxicity, prepared algal samples were combined with yeast cells with a ratio
of 5 to 1 cells and incubated for 1 and 3 hours at room temperature. To measure the
number of cells and fluorescence intensity, a Turner Designs PhytoCyt flow cytometer
(Sunnyvale, California, USA) was used. To measure the background, the samples were
run without dye. Then, 15 min before toxicity measurement, a final concentration of 1.5
µM SYTOX® Green (Life Technologies, USA), a high-affinity nucleic acid stain that
penetrates into the cells with compromised plasma membranes (Lebaron et al., 1998),
was added to measure the cell integrity and the percentage of dead cells. The
fluorochrome SYTOX® Green was employed to estimate the degree of cell membrane
permeability of yeast during treatments. The highest toxicity should be expressed in
samples when the cells are the most permeable, as indicated by the greatest level of
SYTOX® Green fluorescence per cell. Negative control was prepared by mixing yeast
with ASW and positive control was prepared by sonicating the yeast sample for 1 minute
with a continuous output power of 9 for a minute.
To determine the live/dead cells using SYTOX® Green fluorescence dye, CFlow® Plus
software, version 1.0.227.5 was used. A bivariate scatter plot with green versus
chlorophyll-a fluorescence detectors was applied. The plot was divided into four
quadrants where the unstained cell population was placed in the lower left quadrant,
while, stained cell population which represented the dead or compromised cells were
located in the upper right quadrant.
The toxicity effect of each algal sample was presented as the percentage of yeast dead
cells using the following equation:

Eq. (1)

A.2.4

Statistical analysis

Data reporting the percentage of dead yeast cells are expressed as mean ± SD (n = 3). The
data were compared using two-way analysis of variance (ANOVA) followed by Tukey
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multiple comparison tests analyzed by SigmaPlot 12.0. A significance level of 95 % (α =
0.05) was considered for all statistical analysis.

A.3

Results

After measuring the percentage of dead yeast cells in the presence of two different fish
killing flagellates; H. akashiwo and P. parvum; the results revealed that, the toxicity
effect of these two strains were improved by rupturing the cells using sonicating and
centrifugation techniques (Figure A.2). In H. akashiwo, the highest level of toxicity was
observed in sample G which was obtained by sonicating the pellets after centrifugation
and another step of sonication. The yeast mortality was about 37 % after an hour which
increased to 62 % after 3 hours of incubation. Then, the highest level of toxicity in this
flagellate belonged to samples I, D and E. These fractionated samples killed almost 30 %
of yeast cells after one-hour exposure. Increasing the incubation time from 1 hour to 3
hours displayed a significant effect on the mortality of yeast cells (p < 0.001) (Table A.1).
Moreover, a significant difference in yeast mortality was observed between control and
different treatments (p < 0.001). Sample G shows a significant difference compared to
other treatments as well, while there was no significant difference between I, D and E.
The highest levels of toxicity in P. parvum was detected in sample treatments of E, G and
D, respectively, while, there was a significant difference between these sample treatments
and the rest of samples (p < 0.001). The yeast mortality was more than 35 % in this
treatment after one hour which was amplified to almost 50 % after 3 hours of incubation.
Furthermore, the yeast mortality showed a significant effect between positive control and
different algal samples (p < 0.001). The two-way ANOVA parameters for both species
are presented in Table A.1.
Among the four highest treatments (D, E, G and I) between H. akashiwo and P. parvum
no significant difference was observed (Figure A.3). However, a significant difference
was detected among different treatments (p < 0.005). Sample G prepared from H.
akashiwo, was significantly different from D, E and I, while sample I prepared from P.
parvum showed the highest difference compared with sample D and E. Samples D and E
in P. parvum showed more toxicity compared to H. akashiwo, while, it is vice versa for
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the other two treatments. There is also a statistically significant difference in interaction
between algal species and the four aforementioned treatments (P = 0.001) (Table A.2).
Table A.1: Two-way analysis of variance (ANOVA) for H. akashiwo and P. parvum
toxicity measurement.
Algae
Heterosigma
akashiwo

Prymnesium
parvum

Source

Remark
Sig.
Sig.
Sig.

Time
Treat.

*

***

Time × Treat.
Residual
Time
Treat.

Time × Treat.
Residual

Sig.
Sig.
**
N-Sig

Sum of
Squares
994.76
40758.84
1358.04
778.75

Degree of
freedom
1
10
10
44

Mean
square
994.76
4075.88
135.80
17.7

247.58
51661.38
302.93
1711.04

1
10
10
44

247.58
5166.14
30.29
38.89

f-value

p-value

56.21
230.29
7.67

<0.001
<0.001
<0.001

6.37
132.85
0.78

0.015
<0.001
0.648

Sig = Significant; **N-Sig = Non-significant, ***Treat. = Treatment.

*

Table A.2: Two-way analysis of variance (ANOVA) of the four highest effective
treatments of H. akashiwo and P. parvum.
Source

Remark

Sum of
Squares

Degree of
freedom

Algal species

Nonsignificant

1.397

1

1.397

Treatment

Significant

1840.645

3

Significant

2721.014
1723.203

*

**

Algal species × Treatment
Residual

f-value

p-value

0.0130

0.911

613.548

5.697

0.008

3

907.005

8.422

0.001

16

107.700

Algal species = Heterosigma akashiwo and Prymnesium parvum

*

**

Treatments = Sample D, E, G and I

Mean
square
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A.4

Discussion

Measuring the level of toxicity in fish-killing flagellates is a complicated process, and not
a single standard has been used by the researchers. The floating carcasses of caged fish or
embayments of fish in the bloom regions are the common acceptance for the presence of
harmful algal blooms. The toxin mechanism framework for fish-killing flagellates such as
H. akashiwo and P. parvum are the production of excessive mucus by microalgae (Chang
et al., 1990), production of brevetoxin like compounds (Khan et al., 1997; Ono et al.,
2000), the ability to produce and excrete reactive oxygen species (ROS) (Yang et al.,
1995; Twiner and Trick, 2000), and production of hemolytic compound (Ling and Trick,
2010).
Alternate approaches that correlate with the production of toxicity have been used by
researchers. Some alternate methods for toxicity measurement use whole organism or
larva, hemolytic activity, neurological damage using zebra fish embryo, gill cell
degeneration, and cellular permeability. In this study, we propose yeast as a bio model to
measure toxicity in fish-killing flagellates. This method has many benefits over
traditional methods. It is fast and reliable, inexpensive, many samples can be tested in a
short period of time, and a small volume of samples is required.
The present study demonstrates that yeast cells can be used as a biological cell model to
measure the toxicity of harmful algal species such as H. akashiwo and P. parvum. The
obtained data also revealed that, the produced toxin of the aforementioned species were
released upon cell damage of both species. Thus, suggesting that the toxic compounds are
located in certain intracellular compartments, and leakage or release of these compounds
from H. akashiwo and P. parvum cells is enhanced by breaking the cells.
Similar results were observed for same species or similar ones using other toxicity
measurements. Kuroda et al. (2005) stated that the ruptured cell suspension of
Chattonella marina produces strong hemolytic activity toward rabbit erythrocytes,
however, either intact cell suspension or the cell-free culture supernatant did not express
any hemolytic activity. The same results were obtained for extracts of various Fibrocapsa
japonica strains collected world wide (de Boer et al., 2009). Ling and Trick (2010),
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reported that after they fractioned the H. akashiwo cells, their hemolytic activity
improved in comparison with the intact cells. Their data indicated that the hemolytic
agents were released upon cell damage of H. akashiwo by employing sonication or
centrifugation.
Mohamed and Sheheri (2012), used aqueous and methanol extracts of H. akashiwo to
expose to nauplii of 48 hours hatched cysts of Artemia salina and reported the mortality
after 48 hours of incubation. Both samples were toxic towards A. salina, however, the
methanol extracts were more toxic. They observed the same results for hemolytic activity
as well.
Segar et al. (2015) studied the effect of nutrient repletion on the toxicity of P. parvum.
They observed that lysing P. parvum cells through sonication significantly decreased the
viability of gill cells and improved the toxicity level of this species in comparison with
live cultures.
Our results are in agreement with previous research studies in this filed. Our findings
suggest that toxin(s) are cellular compartments of the cells and cellular membrane
damage can facilitate and enhance toxin release from fish-killing species.
Employing this method will allow us to measure the toxicity effect of fish-killing
flagellates in a fast and reliable method, while saving time, resources, and money which
is crucial to the environment, aquaculture facilities, and public health.

A.5

Conclusions

The fundamental purpose of this research was to find a fast, reliable and inexpensive
method to measure and evaluate the toxicity in different strains of algal bloom forming
species. For this purpose, yeast cell was recommended as a bio model since yeast cells
are free from ethical concerns, sensitive to a various range of toxic elements, low-cost,
and simple to work and maintain with a short generation time. To perform this assay, a
low volume of sample is required. In addition, using flow cytometery technique for
measuring the viability of the cells speeds up the toxicity measurement.
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The obtained data revealed that breaking the toxic algal cells improved the ichthyotoxic
effect of these microorganism which means the toxin is located inside cellular
compartments. Moreover, the results are similar between the two fish killing species of
different taxonomic groups.
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Figure A.2: Yeast mortality (%) after exposure to different sample treatments of H.
akashiwo and P. parvum (n=3 ± SD).

222

Figure A.3: Comparison between highest yeast mortality (%) in the presence of H.
akashiwo and P. parvum after 3 hours incubation.
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Appendix B

Figure B.1: Specific growth rate of H. akashiwo under various temperature (15 °C, 25
°C, and 30 °C) and salinities (5, 10, 15, and 30).
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